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Variable Unit Description

A m? Area

Ab W Absorptance (absorbed radiation flux)
b m Detector length

C Jkg 'K~!  Capacity

d m Detector to aperture distance

D m Object distance

E J Energy

Em \%Y Emittance (emitted radiation flux)
f s~1,m Frequency, focal length

FOV rad Field of view

I sr Radiant intensity

J Wm 2 Irradiance

l m Length

L Wm2sr~! Radiance

M Wm—?2 Exitance

r m Radius

R Roughness

Res Response function of TMD

S sensitivity

S Signal

SSE Size of source factor

T K Temperature

X m Object length, spatial coordinate
X m equivalent radiation source diameter at D = 2.4 m
Y,z m spatial coordinate
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1. Introduction

The worldwide population and economic growth is accompanied with a rise
of energy consumption. Until 2030 an annual increase in energy consumption
of 1.7 % is predicted in the World Energy Outlook of the International Energy
Agency [1]. Currently the main energy source are fossil fuels, with 79.5 % in 2016
[2]. Due to their emission of greenhouse gases leading to climate changes and
limited availability, other energy sources have to be reinforced. To estimate the
competitiveness of different energy sources, the levelized cost of energy (LCOE)
parameter describes the average total cost of a facility related to its average total
energy output. Therefore, the LCOE of other energy sources has to be decreased
to meet LCOE of fossil fuels, such as gas with 41...74$(MWh) ! and coal with
60...143$(MWh) ~! [3]. While the nuclear power generation includes great risks,
most promising are renewable energies.

Their emission of greenhouse gases is reduced to the manufacturing of the facili-
ties and their energy sources are unlimited on a human scale. However without
energy storage, their availability can be very volatile, since it depends on the
respective energy source. Besides wind and hydro, solar energies represent a
major part among the renewable energies. Mostly spread and developed among
them are photovoltaic systems, generating electricity directly from incident sun
radiation. Here photovoltaic systems based on crystalline silicon have an LCOE
of 73...145 $(MWh) ! [3]. Less developed are the concentrated solar power (CSP)
systems. They include a double energy conversion. First the solar irradiance is
collected by mirrors and converted into heat. The heat is then converted in a
steam turbine cycle into electricity. A great benefit compared to other renewable
energies is, that CSP systems include a heat energy storage. Depending on its size
and the operating region, this storage can compensate the volatile circumstances.
The operating region depends mainly on the availability of direct normal irradi-
ance (DNI), which is shown in figure 1.1 at the world map. CSP systems vary in
their complexity of mirror area and sun tracking and therefore reach different
working fluid temperatures in the steam turbine cycle. From the carnot efficiency
Hearnot = 1 — %, higher working fluid temperatures are advantageous for the
steam turbine cycle.

Among CSP systems, solar power tower yield the highest efficiencies of up to
23...35 %, with current working fluid temperatures of about 600 °C [5]. While



1. Introduction

SOLAR RESOURCE MAP WORLD BANK GROUP
DIRECT NORMAL IRRADIATION menanen tpe . - EOMAP CEIELTED)

135

Long-term average of daily/yearly sum
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KWh/m®
Yearly sum: < 365 730 1095 1461 1826 2191 2556 2922 3287 3652 >

his map is published by the World Bank Group. funded by ESMAP. and prepared by Solargis. For more information and terms of use, please visit http://globalsolaratlas.info.

Figure 1.1.: World map showing the direct normal irradiance (DNI). Taken from [4]

on the one side, a lot of research is invested to reach higher temperatures [6],
the cost and benefit for the LCOE has to be considered on the other side. A
great part of the total solar power tower LCOE with 98...181$(MWh) ! is related
to the costs of solar receiver and their coatings, converting the concentrated
sunlight into heat [5], [3]. Since various aspects, such as absorptivity, emissivity,
degradation and reapplication effect the receiver coatings, the levelized cost of
coating (LCOC) was introduced to compare different coatings [7]. To reduce this
LCOC, one part of the RAISELIFE project aims to increase the coatings lifetime
[8]. Therefore researches are carried out with accelerated aging campaigns [9].
In this context the following work concerns with the infrared temperature mea-
surement of receiver coatings, which is essential in numerous aspects. From
an industrial point of view, the optimal temperature has to be regulated and
monitored, to increase the efficiency, while preventing an overheating of the
receiver. For the related research campaign, knowledge about the temperature is
furthermore necessary to investigate and compare the durabilities of the receiver
coatings. This work is divided into the following four chapters. The chapter 2
(Infrared thermography), concerns theoretical aspects of radiation and infrared
measurement. The next chapter 3 (Methodology), defines the boundary condi-
tions of the measurement setup and applies the theoretical findings. The chapter
4 (Results and Discussions) gives the findings of the measurements and discusses
its validity. The last chapter 5 (Conclusion) summarizes the whole work and
shows potentials of improvement.



2. Infrared Thermography

This chapter covers some theoretical aspects of infrared thermography, based
on the books [10]-[12]. Due to the vast amount of theory and applications, this
chapter constrains to the infrared thermography principles, relevant for the
current work. The first section 2.1 cover the physical radiation principles, while
the second section 2.2 describes the principles of radiation measurement.

2.1. Physical radiation principles

The acceleration of charged particles, such as protons and electrons result in an
emission of photons, whereas a photon is a zero mass particle with an energy
E. These photons can also be described as electromagnetic waves, calculated
by the Maxwell equations [13]. Since these waves are based on electromagnetic
processes, their movement is not dependent on molecules and their velocity is
the speed of light c. Electromagnetic waves are classified by their wavelength A
or frequency f, with

f=c/A. (2.1)

The frequency, resp. wavelength intervals with the corresponding names are
shown in figure 2.1. Herein the visible spectrum stretches from 770 to 430 THz
(380 to 780nm), with the infrared spectrum extending to smaller frequencies
from 430 THz to 430 GHz (780 nm to 1 mm).

The radiated energy E of a photon depends linearly on its frequency f and can
be described by the Planck-Einstein relation [14]

E = hf, 2.2)

with h being the Planck constant. Electromagnetic waves of a higher frequency
therefore radiate more energy, than electromagnetic waves of a smaller fre-
quency.
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Figure 2.1.: Electromagnetic spectrum over frequency (left vertical axis) and wavelength (right
vertical axis), taken from [10].

2.1.1. Geometric radiation quantities

Every body with a temperature T greater than 0 K contains accelerated charged
particles and thus emits electromagnetic waves.

The radiation of a body with surface element dA is composed of various electro-
magnetic waves of different wavelengths. Their combined energy emitting of
the surface d A is the total energy flux d® with the unit W.

The spectral density of the energy flux is expressed as

@, — dd/d), 2.3)
with N
O = / ®,dA. (2.4)
4 0
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Relating the energy flux to the emitting surface element d A yields the exitance
M =dd/dA, (2.5)
with the unit Wm™2. Respectively the spectral exitance is calculated as
M, =dM/dA, (2.6)

with the unit Wm~2m™~!. The Irradiance J, defined as the energy flux per irradi-
ated surface element is defined analog.

In practice the radiation is often assumed to be independent on its angle of
emission. This theoretical body, radiating isotropic into the hemisphere, is called
a a Lambertian radiator.

To describe an angle dependent radiating surface, the radiant intensity

[ =d®/dO, (2.7)

is defined as shown in figure 2.2. Q)(9, ¢) is the solid angle constituting the
perpendicular surface dA; in polar representation, with the unit sr (steradian).
Since only the perpendicular projected part of the emitting surface contributes

Figure 2.2.: Propagation of radiant intensity I into the hemisphere. Exemplary shown for a
radiating surface element dA; and hemisphere element dA,. Based on [11].

to the emitted radiation, the radiant intensity decreases along greater angles of J,
shown in figure 2.3 for a Lambertian radiator.
Relating the radiant intensity to the perpendicular projected part dA;cos(d) of
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Radiant
intensity I

X

Lambertian radiator

Figure 2.3.: Altitude 6 dependence of radiant intensity I of a Lambertian radiator. Edited from
[10].

the area dA; gives the radiance

L d*®
~ cos(8)dA;dQ’

(2.8)

with the unit Wm™2sr~1. A representation is shown in figure 2.4.

6=0
o
4—\

dA,

dA; VdA,cosd

Figure 2.4.: Propagation of radiance L into the hemisphere. Exemplary shown for a radiating
surface element d A1, resp. orthogonal radiating surface element dA;cosé and hemi-
sphere element dA;. Based on [11].
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A Radiance L

X

Lambertian radiator

Figure 2.5.: Altitude ¢ independence of radiance L of a Lambertian radiator. Edited from [10].

Regarding the radiance, the truly uniform radiation of the Lambertian radiator
is shown in figure 2.5.
Due to the angle independence of the Lambertian radiator, its exitance can be

calculated as
M = L. (2.9)

2.1.2. Inverse-square law

The influence of measurement distance to the radiating body is explained in the
following and illustrated in figure 2.6.

Considering the surface element dA; emits an amount of energy into the hemi-
sphere, then this amount will be constant along increasing hemisphere radii r,
whereas the surface of the hemisphere is increasing. The result is a quadratical
(Apem = 2711%) decreasing energy per hemisphere area.

Therefore, radiometric quantities are formulated in terms of constant angle
(8, ) = AL /7" For the example in figure 2.6, the increase of the hemisphere
area dA} compared to dA; then cancels out with the increase of radius ' com-
pared to r.

The energy flux ® onto the perpendicular surface element d A} is then

_ Lycos(é;)dA; dA)

2
d2® o (2.10)

Along the distance r, the quadratically decreasing radiance L1 /7" in equation
2.10, therefore cancels out with the quadratically increasing area d A), resulting
in the same energy flux d®.
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6=0

)i
)

Figure 2.6.: Propagation of radiant intensity I into the hemisphere. Exemplary shown for a

radiating surface element d A1, hemisphere element d A, at distance » and hemisphere
element d A} at distance ’.

2.1.3. Propagation of radiation

The propagation of visible light and infrared radiation in a medium or at the
boundary between two media can be described by geometrical optics. Exemplary
shown in figure 2.7, it is stated that:

In a homogeneous medium the radiation propagates as rays along straight
lines. Its velocity is dependent on the medium.

When incident on a interface between two media, the radiation splits in
two parts: A reflected and a transmitted part.

The reflected part spans the same angle ) to the perpendicular of the
reflecting surface as the incident ray f;.

The transmitted part is refracted at an angle p,, described by the Snell’s
law of refraction, which states that

n;sin(B1) = npsin(By). (2.11)

nj and ny are the index of refraction, dependent on the velocity of radiation
in that medium.

A medium absorbs a part of the incident radiation, described by the ab-
sorptance Ab.
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When applying energy conservation, it is evident that any radiation ®g incident
on a body can be divided into a reflected part @y, a transmitted part &1 and an
absorbed part ® 4

Dy = P + P71+ Py (2.12)

Dividing the equation by the incident radiation ®; yields
l=p+71T+ua, (2.13)

where the reflectivity p, transmittivity T and absorptivity « are the fractions of
reflection, transmission and absorption by the incident radiation.

incident reflected
radiation radiation
B1 1
medium 1
eg.n =1
di 5 absorbed
medium radiation
eg.n,=4
B2
N transmitted
radiation

Figure 2.7.: Reflected, absorbed and transmitted propagation of radiation in a medium or at the
boundary between two media.

2.1.4. Ideal bodies

In a thermodynamic equilibrium of a body with its surrounding, energy conser-
vation yields that the amount of this body’s own radiation ®g, is the same as
the absorbed amount @4}, of incident radiation [15]

Dpp = PEm (2.14)

and therefore:
n=c¢. (2.15)

The radiation balance of any body can then also be written from equation 2.13
and 2.15 as
l=p+71+g (2.16)
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with the reflectivity p, transmissivity T and emissivity . For opaque bodies, with
T = 0, equation 2.16 yields
e=1-—p. (2.17)

Accordingly, for transparent bodies, with p = 0
e=1-—71 (2.18)

applies. Another idealization is the blackbody, absorbing all incident radiation,
i.e. T = 0and p = 0. Equation 2.15 and 2.16 yield then

=¢=1. (2.19)

The blackbody therefore absorbs and emits at the maximum.

2.1.5. Planck’s law

In experiments with cavity radiators, which are quasi blackbody radiators, Planck
identified a formula for the spectral exitance of blackbodies [16]

27thc?
)LS (ehC/(AkTBB) _ 1)

M, (Tgg)dA = da, (2.20)

with h being the Planck constant, c the speed of light, k the Boltzmann constant,
A the wavelength of the radiation and Tgg the temperature of the blackbody:.
The corresponding spectral exitance of varying temperatures is displayed over
the wavelength in a linear coordinate system in figure 2.8a and in a logarithmic
coordinate system in figure 2.8b. Their characteristic spectrum is described as
following:

e The wavelength A(Mmax) of the spectrum’s maximum follows Wien's
displacement law
/\(Mmax) - b/TBB/ (221)

with Wien’s displacement constant b. For increasing temperatures, the peak
exitance moves towards shorter wavelengths.

e For small wavelengths A << A(Mmax), the term 1/ ehe/ (AkTgp) g very small
and reduces the spectral exitance towards zero.

e For long wavelengths A >> A(Mmax), the term 1/A° is very small and
reduces the spectral exitance towards zero.

e At a higher blackbody temperature, the spectral exitance for every wave-
length is higher as well.

10
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(b) Logarithmic scaling of spectral exitance and wavelength.

Figure 2.8.: Blackbody exitance as a function of wavelength and temperature. 11
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Stefan-Boltzmann Law

Rearranging and integrating equation 2.6 gives the total exitance

M(Typ) = [ My(Ts)dA. (2.22)

Since the total exitance is only dependent on the temperature of the blackbody, it
is also called thermal radiation. Over the whole spectrum the Stefan-Boltzmann
law
inf
M(TBB) = / M)\(TBB)d/\ = 0'T4 (223)
A=0
holds, with the Stefan-Boltzmann constant ¢. In infrared measurements the wave-
length spectrum is usually only partially detected (A ... A2). Integrating Planck’s
law (equation 2.20) in the boundaries A1 and A, yields the band exitance

Ao Ao

27thc?
M(Tyn, M, A2) = [ M(Tgm)dd = [ e i @29
A M

which can not be solved analytically anymore. The applied numerical solution is
explained in the following chapter for the particular wavelength band.

2.1.6. Characteristics of real objects

Some characteristics of real objects regarding their radiation are pointed out in the
following. Afterwards the radiometric measurement chain with its components
is described and modeled.

Emissivity

Since a theoretical formula of the maximum emitting blackbody was found by
Planck, any other body is described related to it. The emissivity € of any body
is therefore expressed as the fraction of its emitted radiation to the radiation
emitted by a blackbody at the same temperature T. This yields

L(A, 6,9, T, Ra, Material)

e(A, 6,9, T, Ry, Material) = Lon(T) ,
BB

(2.25)

12
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respectively
M(A, T, R,, Material)

Mgg(T)

for the spectral radiance L and the spectral exitance M. The spectral radiance
and thus the emissivity ¢ are here given to be dependent on the angles 6, ¢,
wavelength A, temperature T, surface roughness R, and Material. Therefore, in
practice, special coatings, resp. paintings with known emissivity values for the
temperatures and wavelengths to be examined are used.

Selective coatings are designed to absorb a specific band of wavelengths, i.e.
their emissivity is wavelength dependent. A gray body on the contrary has a
wavelength independent emissivity. A schematic course of the emissivity and
the radiance over the Wavelength of a blackbody, grey body and selective emitter
is shown in figure 2.9 and 2.10. The angle dependency of the emissivity results

e(A, T, Ry, Material) = (2.26)

| T T T | T | T
1.0 —
Blackbody -
0.8 — _
o i
.‘E 0.6 - Grey body -
15 -
2
E 04 —
= |
0.2 Selective _
emitter ]
0.0 _
| 1 | 1 | 1 | 1 | 1 |
0 4 8 12 16 20

Wavelength in um

Figure 2.9.: Emissivity over wavelength of a blackbody, gray body and selective emitter. Taken
from [10].

from the non lambertian emission of real bodies. Especially at big angles of
observation the emitted radiance of a real body slopes significantly, shown in
tigure 2.11

13
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Figure 2.10.: Radiance over wavelength of a blackbody, gray body and selective emitter. Taken
from [10].

Blackbody \ Real surface
radiance radiance

7 Z

Emitting area

Figure 2.11.: Radiance dependence of emission angle for a blackbody (left) and real body (right).
Taken from [10].
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Reflectivity

When analyzing the reflection of radiation on a surface, the theoretical reflected
ray holds only for very smooth surfaces. As presented in figure 2.12, increasing
micro roughness R, on the surface leads to higher scattering of the radiation.
At some point the reflected ray will be dissolved and only diffuse scattered
radiation will be existent.

Specularly Mostly specularly
Incident light reflected light Incident light reflected light

scattering

Reflecting surface with

Very smooth reflecting surface :
some micro roughness

diffuse
scattering

Reflecting surface with
a lot of micro roughness

Figure 2.12.: Dependence of reflection on smooth reflecting surface (a), surface with some micro
roughness (b) and surface with a lot of micro roughness (c). Taken from [10].

Transmissivity

The transmitted, resp. absorbed amount of radiation through a medium de-
pends on its atomic structure. The molecules absorb the radiation only in specific
wavelength bands, converting the radiation into molecular vibrations, which are
furthermore temperature dependent. Various theoretical and empirical transmis-
sivity models dependent on the substance, concentration and the temperature of
the medium exist [17]-[19].

15
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2.2. Radiation thermometer

The measurement of infrared radiation is described in the following for a radia-
tion thermometer, with its measurement arrangement shown in figure 2.13. The

. . Aperture
Object, A,

/ \ Signal
processing
-]
'Qdet \

Detector element, Sy,

wn

o

Optical lens, 7, Spectrometric filter, T;

Figure 2.13.: Measurement arrangement of radiation thermometer. Based on [1]

incident radiation ®; from the object to be examined is focused by an optical lens
and filtered by a spectral filter onto a radiometric detector element, where it is
converted to a detector signal Sg.; and further processed to an output signal So.
If the properties of lens, filter and detector are known, the incident radiation
DAy, Tobjs Tamb, etc.) and thus the object temperature Topj can be calculated from
the output signal So(Py(A¢), Pg). The incident radiation ®y(Ay) is here depen-
dent on the filtered wavelength spectrum A¢ and the detector signal is composed
of an additional radiation from the detector element, resp. detector enclosure
g (Tg) [20].

2.2.1. Optical lens

The optical lens focuses the incident radiation by refraction on the detector
element, its principle is shown exemplary in figure 2.14. The field of view FOV
is the angular range of the object, captured by the detector element. It can be
calculated from the size of the detector b, resp. Ager and the focal length f as

FOV = 2arctan (23) , (2.27)

16
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Object—
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Figure 2.14.: Principle of an optical lens. Edited from [10]

or from the object distance D,p,; and captured object length x; as

x .
FOV = 2arctan obj . (2.28)
2D o

According to the object distance Dy, the focal length f can thus be adjusted to
focus the object onto the detector element.

2.2.2. Filter

Since the radiometric properties are usually only known in a specific wavelength
range, a reduction of the total radiation to this wavelength range by filters may
be desired. The transmittance of various filters, subdivided into short-pass (SP),
long-pass (LP), bandpass (BP) and narrow bandpass (NBP) filters are shown
in figure 2.15. The width and transmittance of the filter depends on the optical
properties of the particular filter material.

2.2.3. Infrared detector

Infrared detectors are the core part of an infrared camera, converting the incident
radiation into an electric processible signal. Due to their sensitivity and to reduce
error sources, they are isolated in an enclosure and receive radiation from the lens
through an aperture. Infrared detectors can be distinguished between photon
and thermal detectors.

17
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SP NBP BP LP

Transmittance tf ———>

AL

WavelengthA ——>

Figure 2.15.: Transmittance 7; over wavelength A of a short-pass (SP), long-pass (LP), bandpass
(BP) and narrow bandpass (NBP) filter. Edited from [10].

Photon detectors use the photoelectric effect to convert the incident radiation
directly into a change of an electric signal. Thermal detectors convert the incident
radiation into heat, which changes the physical properties of the detector material
and then measure the change of the physical property (e.g. electrical resistance).
The spectral detector responsivity sqe 5 is the relation of detector signal Sge to
incident radiation ®j

5 det
s = . 2.29
det) = (2.29)
While the responsivity of photon detectors depend on their excitation wavelength
of the electrons, the responsivity of a thermal detector is mostly dependent on
the change of temperature and thus the detector material absorptivity agqe; and
thermal capacity Cy, get [21].

2.2.4. Radiometric correlation

From the prior considerations, the detector signal S4e; and thereby the output
signal Sp can be calculated in terms of the object radiance, respectively exitance
as

A2
SO(Tob') =cC 1 RESAL)\(TObj)d/\ (230)
and
A2
SO(Tobj) =cC \ ResAMA(TObj)dA, (2.31)

with the simplification of a homogeneous radiation over the solid angle ()4.; and
detector area Aget, which are included in the constant c. Res, is the response of

18
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the whole radiation thermometer, including the radiometric, spectral dependent
properties of lens, filter and detector as well as the electronic signal processing

Cproc
Res) = Ty * TgA * SdetA * Cproc- (2.32)

Theoretically the detecting wavelength band would be A1 = 0... A2 = co. Prac-
tically it is reduced by the lens, filter and detector to a finite wavelength band

0 < Al..A2 < oo. The integral [ ?12 M, (T)dA is described by Planck’s law for a
blackbody in equation 2.24, for a finite wavelength band it can not be calculated
analytically.

In theoretical approaches [10], [22], [23] various simplifications are described,
such as utilizing a mean effective wavelength, to calculate equation 2.31.

An alternative empirical method replaces equation 2.31 with a least-square fitted
expression Sg;(T) at multiple measured temperature points. Various equations
are existent in the literature to describe this expression Sg;(T) for particular
wavelength and temperature ranges [17], [24]-[28]. Most popular among them is
the Sakuma-Hattori equation, here written in the Planck form [29] to resemble
the Planck law (equation 2.20)

_ <y 4
S(T)=C [exp ( AT) 1} . (2.33)
¢c» = hc/kis Planck’s second radiation constant, while A and C are the constants
to be fitted, with C showing a A ~° dependence [22]. Functions resembling the
Planck equation are further called planckian. The applied functions with their
characteristics are described in the methodology section 3.4.1.

2.2.5. Infrared thermometer calibration

Following the VDI-guidelines for radiation thermometry [20], the calibration of
an infrared thermometer is preferably carried out with a blackbody radiator of
e ~ 1. For a short blackbody-infrared thermometer distance, the atmospheric
transmissivity can also be assumed as T ~ 1. Temperatures of the blackbody
radiator are set and the corresponding signal of the infrared thermometer is
measured. For the measurement ranges So(Tpp,1) and So(Tpp2) the calibrated
infrared thermometer signal yields

S = So(Tgg) — So(TgB,1)
So(TsB2) — So(TsB,1)

(2.34)

19
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If there is a linear relationship between emitted radiation and the camera radio-
metric signal, i.e. Res, in equation 2.31 is not temperature dependent, then the
output signal Sp can be written as a function of the exitance M:

M(A, Tgg) — M(A, Tpp1)
So = = 2.35
© ™ M(A, Tgpp) — S(A, Tpp1) (2.35)

2.2.6. Practical effects

Additional effects occur, dependent on the practical implementation of the mea-
surement arrangement. Most crucial upon them are the focus effect [30] and the

size of source effect [31], [32].

Focus Effect

The focus effect is the result of an alternative positioning of the optical lens.
Shown in figure 2.16, for a close focused object (dotted lines) and a far focused
object (solid lines), the lens should be positioned between the aperture and the

object.

Lens

Detector
element, Ay

|

<—> Focus
Aperture, A, Object, Ay

Figure 2.16.: Schematic radiation thermometer focused on a near object (dotted, transparent) and
focused on a far object (solid). The solid angle () is constant over the focus range.

Based on [33].

When the lens is shifted over the focus range, the solid angle () is constant, since
the aperture diameter and the distance from the detector to the aperture are

constant.
In an alternative setup, shown in figure 2.17, the lens is positioned between the

20
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aperture and and the detector element. This setup is error-prone [33], since the
solid angle () varies with the shifting of the lens over the focus range. Assum-
ing an isotropic radiation over the solid angle (2 and homogeneous absorbing
detector element area A, with a transparent lens, the perpendicular energy flux
calculated with equation 2.8 yields

Appt
@zLAmQ:LAmjﬁv (2.36)

with Q &~ Appe/d?.
Thus a variation of the angle () results in a variation of the incident detector
radiance, causing an erroneous temperature measurement.

g
<
D
o
55
8 E
L9
Ao
Aperture Obiect. A ..
limit, A, , JECh, Aoy

Figure 2.17.: Schematic alternative radiation thermometer focused on a near object (solid) and
focused on a far object (dotted, transparent). The solid angle () varies over the focus

range. Based on [33].

Size of Source effect

The size of source effect (SSE) results from various optical phenomena, such as
diffraction, aberrations, refraction and scattering of the radiation in the measure-
ment arrangement of the radiation thermometer [32].

These phenomena blur the radiometric image and cause a shading of the FOV
boundary, shown in figure 2.18 in the angle range dFOV. Furthermore, particu-
larly the scattering, causes the detector element to miss radiation from the FOV
and detect radiation from outside of the FOV. The result is that the received
radiation of the detector depends on the size and the ambient of the measured

object.
Several recalibrations are described in the literature ([35]-[37]) to correct this SSE.
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Figure 2.18.: Shade of SSE shown in an angle range dFOV at the boundary of the FOV. Edited
from [34].

Furthermore particular lenses and a minimization of the optical imperfections
can reduce the amount of the SSE [38].

2.2.7. Infrared camera

In contrast to infrared thermometers, infrared cameras resolve a spatial tempera-
ture image. They are distinguished between scanning and staring systems, both
are shown in figure 2.19.

Scanning systems build up the infrared image sequentially by scanning the object
with a single detector element. Staring systems on the contrary use numerous
detector elements arranged to a focal plane array (FPA). Each detector element

IR optics
Vertical :
scan

IR = .
OPHEs |/ Single detector Focal plane
(a) element (b) array (FPA)

Figure 2.19.: Scanning (a) and staring (b) IR camera types. Taken from [10].
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stares at its particular FOV, described by the horizontal and vertical instanta-

neous field of view HIFOV, VIFOV, shown in figure 2.20.
The infrared image is then composed of pixels arranged in rows and columns,

with each pixel representing a detector element.

Focal plane
array (FPA) IR optics
by

Object scene

Figure 2.20.: IFOV of a staring IR camera system. Taken from [10].
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3. Methodology

In this chapter, the infrared thermography principles in chapter 2 are applied
to the particular boundary conditions. These boundary conditions are defined
for the solar dish facility and lead to the radiometric chain, described in the first
section 3.1. The following section 3.2 specifies the radiometric chain by giving
hypotheses and simplifications about the involved components. In the third
section 3.3 the characteristics of the particular employed camera model are given.
The final section 3.4 of this chapter combines the findings about the radiometric
chain (section 3.2) with the theoretical (section 2.2) and particular (section 3.3)
processing in the IR camera, to obtain a radiometric model and ascertain its
parameters using correlation functions and experiments.

3.1. Radiometric modeling of the solar dish facility

The following section describes the modeling of the solar dish test bench in
terms of the radiometric chain. First the functionality and basic components of a
solar dish concentrator are described and afterwards the radiometric modeling
is carried out.

3.1.1. Solar dish concentrator

Solar concentrators are divided into concentrating linear Fresnel, parabolic
trough, dish and solar tower systems. The explanation is restricted in the follow-
ing to a solar dish concentrator, exemplarly shown in figure 3.1.

The main component of the facility is the solar dish, a parabolic shaped mirror
concentrating sunlight onto the test bench. The dish facility includes a two axis
azimuth-elevation drive system to track the sun position.

The test bench, spotlighted by the solar dish, contains five strings of tubular
coated samples, shown in figure 3.2. Their temperature is regulated by a cooling
air flow, with each string of samples being connected to a blower. Each string
of samples consists of three individual samples of same material substrate and
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3.1. Radiometric modeling of the solar dish facility

Figure 3.1.: Solar dish test facility. The solar dish (1) with the mounted IR camera (2) collects sun
radiation onto the test bench (3).

coating. The sample locations are defined with respect to their relative position
to the blower, i.e. inlet, center, outlet.

Each sample temperature is measured with a thermocouple in a drill hole [9],
shown in figure 3.3 for one sample string. A surface temperature is estimated
based on the thermocouple measurement and a calculation of the temperature
gradient. Additionally the samples surface temperature will be measured by an
infrared camera, mounted at the center of the dish.
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Figure 3.2.: Test bench of the solar dish facility. Five air cooled absorber strings (red framed),
include cylindrical coated absorber samples (1-15), subdivided by dashed lines. The
sample on the top, middle and bottom of each string is called inlet (1, 4, 7, 10, 13),
center (2,5, 8, 11, 14) and outlet sample (3, 6, 9, 12, 15).

3.1.2. Solar dish DISTAL Il

In the following are some information about the particular solar dish test facility
DISTAL II (figure 3.1) given. The diameter of the solar dish is 8.5m, yielding
with some deduction due to shadows a reflecting area A,eq of 52.54 m? [39]. The
radiant power @y, collected by the solar dish can be calculated with a direct
normal irradiance (DNI) of the sun as

q)sun = DNI - preﬂ . Areﬂ. (3.1)

For a DNI of 1000 Wm 2 and reflectivity o, of 94 % a collected radiant power
Dgun = 49.39+ 0.25 kW is calculated [39].

The solar dish DISTAL II was build 1997 to power a stirling motor with a focal
length of f = 4.1 m. Since this configuration in combination with the blower
cooling would result in an overheating of the samples, the solar dish is operated
for the aging process out of focus at a focal length of f ~ 5.0 m. The focal length is
adjusted with a linear drive to compensate for daily and seasonal DNI variations.
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Figure 3.3.: Detailed information about the thermocouple measurement of one sample string [9].

The samples are then operated in a temperature range of 200 to 650 °C.
With the irradiated (focus) area A at the test bench, the concentration factor ¢ of
the solar dish can be calculated as the reflecting area related to the focus area

g = Areﬂ/Af' (32)

With the reflecting area A;.q = 52.54m? and a later calculated focus area A; =
0.15m? (section 4.7), a concentration factor { ~ 350 is calculated.

3.1.3. Aging process

To gain insight about the sample material and coating properties along their
lifetime, accelerated aging test campaigns are carried out.

One test campaign consists of 100 thermal cycles, whereby the coatings optical
properties are measured before the campaign and periodically after 25 cycles.
One thermal cycle consists of a heating phase, a dwell phase and a cooling phase.
In the heating phase, the surface temperature is heated from 200 to 650 °C at a
constant heat rate of 30 °Cmin~!. The surface temperature is maintained in the
dwelling phase at 650 °C with a minimum average solar flux of 250 kWm 2. The
cooling phase is the inverse of the heating phase, with a cooling of the surface

temperature from 650 to 200 °C at a constant cooling rate of —30 °Cmin .
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Figure 3.4.: Thermal cycle of the accelerated aging test campaign.

One temperature cycle is shown in figure 3.4 for one string of three samples,
for which the thermocouple readings are plotted. The blower is regulated to
maintain a maximum temperature setpoint of 620 °C at the center thermocouple.
Due to the distance of the thermocouple to the surface of 1 mm, shown in figure
3.3, a surface temperature of approximately 650 °C is reached. The center and
outlet samples approach the setpoint temperature, while the temperature of the
inlet sample is cooler with greater variations.

3.1.4. Radiometric chain

In the following a stationary radiometric model of the solar dish facility is estab-
lished in terms of energy flux contributions. The model is shown in figure 3.5.
It considers the sun and ambient environment (sun), the object to be examined
(object), the air (atmosphere) between IR camera and object, a protective window
mounted in front of the camera (window) and the infrared camera itself (IR
camera).

The Energy flux of the sun ®g,, reflected by the solar dish and ambient objects
is incident on the opaque object, where it is partly absorbed and partly reflected.
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Figure 3.5.: Radiometric chain, including Ambiance, sun, object to be examined, atmosphere,
protective window and IR camera.

The reflected part can be described with regard to the reflectivity and equation
2.17 as

poqu)sun = (1 — gobj)q)sun- (33)

The absorbed part of the incident energy flux causes the object to heat up to a
temperature Tp,;. While the objects own radiation depends on this temperature,
its energy flux is described with its emissivity € according to a blackbody of the
same temperature

(I)obj (Tobj ) = 8obj(I)obj, BB (Tobj ) . (3.4)

The reflected and emitted energy flux of the object pass an amount of transparent
atmosphere on their way to the infrared camera. This is taken into account by
multiplying the energy fluxes with the transmissivity of the atmosphere.

The absorption of energy flux causes the atmosphere to heat up and radiate. If
the absorbed amount of energy flux is assumed to be dominant over the scattered
amount, then the radiating energy flux of the atmosphere is (1 — Tatm ) Patm-
After the atmosphere, these energy fluxes of sun, object and atmosphere pass
the protective window in front of the infrared camera. The protective window is
modeled similar to the atmosphere, multiplying a window transmissivity Ty to
the passing energy fluxes and emitting an own energy flux (1 — Ty ) Py

The energy flux incident on the infrared camera ®jrcam then yields

DIRcam = TwTatm(l - Sobj)q)sun + TwTatmsoqu)gEj + Tw(l - Tatm)q)atm + (1 - Tw)q)w-

(3.5)
The further processing by the IR camera is described in section 3.4.
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3.2. Hypotheses and simplifications of the
radiometric chain

Crucial for the infrared measurement under atmospheric conditions is its absorp-
tion of particular wavelength bands. The transmissivity of the atmosphere close
to the earth’s surface is shown in figure 3.6 as a function of the wavelength for
a 10 and 100 m transmission. Potential wavelength bands for an infrared mea-
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Figure 3.6.: 10 and 100 m(green, red) central European atmospheric transmission and excitance
(blue) of a 20 °C blackbody as a function of the wavelength. Taken from [40].

surement with a high transmissivity are highlighted in grey. They are typically
indicated as the short-wave (SW) band from 0.9 to 1.7 pm, the mid-wave (MW)
band from 3 to 5 pm and the long-wave (LW) band from around 8 to 14 pm.
The measuring wavelength band for the IR camera should be chosen to max-
imize the portion of object radiation and minimize the portion of interfering
radiations incident on the IR cameras detector element. Whereas the potential
interfering radiations (section 3.1.4, equation 3.5) are the reflected sun radiation,
reflected ambient radiation, atmosphere and protective window radiation. These
are compared in the following to the object radiation.

3.2.1. Reflected sun radiation

The extraterrestrial spectral irradiance of the sun, i.e. the solar spectrum, is
shown in figure 3.7 (blue line) and found out to be very similar to a 5777 K black-
body irradiance. When passing the earths atmosphere, this irradiance is reduced
to the global irradiance (red line) due to molecular absorption and scattering.
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Figure 3.7.: Extraterrestrial, global and direct solar irradiance as a function of the wavelength.
Edited from ASTM International [41].

Moreover, only the direct irradiance (brown line) is applicable, due to the use of

concentrating facilities with optical lenses (section 2.2.1).

To calculate the influence of a solar concentrator on the spectral solar irradiance,
Pfander [1] applied an area concentration factor of 1000 and a reflectivity of
typical concentrating mirrors [42]. His findings are shown in figure 3.8, with the
reflectivity (magenta line), spectral solar irradiance (brown line) and reflected
spectral solar irradiance (orange line) over the wavelength spectrum. The con-
centrating mirrors have a very large reflectivity in the short wavelength range
(0.5...2.8 um) and a small reflectivity at higher wavelength ranges, with the excep-
tion of a moderate peak at 9 um. This reflectivity drop is evident in the difference
of solar spectrum (brown line) to reflected solar spectrum (orange line).

This resulting reflected spectrum (orange line) is then compared in figure 3.9 to
radiations of blackbodies (black lines) of Tgg = 673 K and Tgg = 1273 K, model-
ing the object radiation.

The constraints at the solar dish facility (section 3.1.1) are very similar to those
of Pfander [1], with the difference that the concentration factor is approximately
350 (section 3.1.2) instead of 1000, resulting in a lower reflected sun irradiance.
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Figure 3.8.: Solar radiation after reflection at a heliostat. From Pfaender et al. [1]

Furthermore a typical dish object temperature of 923K (650 °C) is within the
range of the blackbody temperatures.

Therefore, the results in figure 3.9 can also be applied to the dish setup. In the
wavelength bands of 4.3 to 5.5 um and 7.6 to 14 ym, blackbody radiation is at
least one magnitude greater than the reflected solar radiation. These ranges
are described as solar blind. Restricted by narrow band pass filters, an infrared
measurement in these wavelength bands is preferable.

To compute real radiations, the object emissivity has to be included (section
3.1.4). For typical absorber emissivities greater than 0.5, the amount of reflected
solar radiation compared to the object radiation would reduce even further.

3.2.2. Ambient, atmosphere and window radiation

To roughly estimate the influence of ambient, atmosphere and window radia-
tion, they are modeled as blackbodies of temperatures Ty = Tatm = Tw =
313.15K (40 °C). The exitance over all wavelengths is then calculated with the
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Figure 3.9.: Comparison of reflected solar spectrum to blackbody radiation of Tgg = 673 K and
Tgg = 1273 K. From Pfaender et al. [1]

Stefan-Boltzmann law (equation 2.23) as
Mpg(313.15K) = ¢ - (313.15K)* = 54528 Wm 2. (3.6)

Similarly, for an exemplary absorber temperature of 923.15K (650 °C), the Stefan-
Boltzmann law yields

Mpp(923.15K) = o - (923.15K)* = 41181.32 Wm 2. (3.7)

Each of the interfering radiations is roughly estimated to account for an non
neglectable error of 545.28/41181.32 ~ 1.32%. The interfering radiations are
therefore further considered in the discussion and results section 4.4 , taking into
account the emissivity of the ambient (e,mp, €0bj), atmosphere (1 — Tatm) and
window (1 — tw).
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3.2.3. Object emissivity

The further described radiometric properties are obtained for the measuring
wavelength band of the IR camera from Apin = 7.55pm to Apmax = 8.35pm,
described in the section 3.3.
The reflectivity and thus the emissivity of the opaque coated samples are charac-
terized utilizing a Perkin Elmer Frontier-FTIR spectrophotometer with a Pike
LTD integrating sphere as accessory (appendix B.4). The spectrophotometer
measures the hemispherical reflectance of a coated sample. Utilizing Fourier
transform spectroscopy (FTS), a wavelength spectrum from 2 to 16 pm with
0.004 pm steps is measured.
Similar to the thermographic measurement, the detector is calibrated with a ref-
erence object of reflectivity p,e¢(A) to obtain a reference output signal Sprg ref(A).
For the ideal case of a white body p.ef(A) = 1 would hold. Since the coated
sample and the reference object are effected by the same radiation, their behavior
can be described as

SFTS,ref()‘) o SFTS,sample(/\)

pref(/\) psample(A)

The coated samples reflectivity psample (A) can then be calculated with the known
reference values and measured sample signal SFTS,Sample()\) [43].

With equation 2.17 for opaque bodies, spectral emissivities €(A) are calculated
for an exemplary selective (F2) and non selective (D532) coating, shown in fig-
ure 3.10a over the whole measured wavelength range (2...16 pm). Furthermore,
the coatings emissivities are shown in the particular wavelength range of the
IR camera (7.55...8.35 um) in figure 3.10b. The coating emissivities for partic-
ular wavelength bands are calculated by weighting with blackbody radiation
(equation 2.20). For the overall thermal emissivity this yields

(3.8)

16 pm
[ e(A)M(T,\)dA
ea(T) = 50 (3.9)
[ M(T,A)dA
A=0.28

and for the emissivity in the wavelength band of the IR camera, stated throughout
this work as eqp(T)

8.351m
[ e(A)M(T, A)dA
8IRcamera(T) - 50bj(T) = A:Z:ggpm . (3.10)
[ M(T,A)dA
A=7.55
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Figure 3.10.: Emissivities of the D532 and F2 coating measured by spectrophotoscopy
as a function of wavelength. 35



3. Methodology

According to Wien’s law (equation 2.21), an increasing coating temperature
shifts the maximum spectral exitance towards smaller wavelengths. The thermal
emittance varies then with the temperature if the coating is not a gray body.

3.2.4. Atmospheric transmissivity

To calculate the atmospheric transmissivity, the simulation program MODTRAN
[18] was used. Modtran calculates the spectral transmissivity based on physical
principles, such as absorption and scattering and utilizes reference data such as
composition of the atmosphere in Europe, distance and relative humidity. For a
measurement distance at the dish facility of 5m and three relative humidities
(0.1, 0.5 and 0.9), each spectral transmissvity is calculated and shown in figure
3.11 over the range of the IR camera wavelength band from Api, = 7.55 pm to
Amax = 8.35 um. While smaller transmissivities are observed for greater relative
humidities, the minimum transmissivity with 99.45% at A = 7.67 um is still
very high. For an average transmissivity of about 99.85 % in this wavelength
band, the absoptivity and thus the emissivity is eatm = 100 % — Tatm = 0.15 %,
when neglecting scattering radiation. Due to the very small resulting radiation
of the atmosphere (section 3.2.2) and an error of 0.15 % for passing radiations,
the atmosphere is neglected compared to the object radiation for the further
modeling of the radiometric chain.
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-
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=
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Wavelength A in pm

Figure 3.11.: 5m transmissivity of an European atmosphere as a function of the wavelength.
Calculated with MODTRAN [18].
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3.3. Optris IR camera

3.2.5. Transmissivity protective window

The additionally mounted protective window with a diameter of 50.8 mm con-
sists of Germanium with an anti reflective coating. Since no spectral transmissiv-
ity was given from the manufacturing company, it is obtained from experiments
(section 3.4.3).

3.3. Optris IR camera

The choice of the IR camera model depends on various aspects. Besides the prior
described wavelength range (section 3.2.1) practical aspects such as temperature
measurement range, relative error, spatial resolution, cooling, weight, size, and
price have to be concerned. A compromise was found for the model PI640
G7, manufactured by the company Optris GmbH. Relevant data for further
calculations are the measurement range of 200...1500 °C, the measuring spectrum
of (7.95 £ 0.4) pym and the spatial resolution of 640x480 pixel with the solid
viewing angle of 15°x11°. Figure 3.12 shows the resulting FOV area for the
particular camera model at a 1 and 5m distance. Further information can be
found in the data sheet included in the appendix B.1.

Optics Calculator Optics Calculator

Lens Lens
15° x 11° | P1 640 / Pl 640 G7 | f=41.5 mm v 15° x 11° | P1 640/ Pl 640 G7 | f=41.5 mm v
Distance Distance
Switch Switch
5000 m E measure 1000 m a measure

i 5000 mm N 1 1000 mm N

Switch Field of view at object surface Switch Field of view at object surface
measure Width: 1310 mm (HFOV) measure Wicth: 265 mm (HFOV)
Height: 985 mm (VFOV) Height: 199 mm (VFQOV)
Diagonal: 1639 mm (DFQV) Diagonal: 331 mm (DFOV)
Pixel size: 2.05 mm (IFOV) Pixel size: 0.41 mm (IFOV)
MFOV] 615 mm] 3x3 Pixel: 6.15 mm (MFOV) MFOV[  1.24 mm] 3x3 Pixel: 1.24 mm (MFOV)
(a) IR camera - object distance of 1000 mm. (b) IR camera - object distance of 5000 mm.

Figure 3.12.: Optic properties of the IR camera model P1640 G7 at different distances, deter-
mined with an online calculator (www.optris.com/optics-calculator) of the Optris
company.
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3.3. Optris IR camera
3.3.1. Radiometric properties of the PI640 G7 IR Camera

The radiometric properties of a radiation thermometer, i.e. IR camera consist of a
lens and filter transmissivity 7y and 13, the sensitivity of the detector element(s)
Sdet and a description of the signal processing (section 2.2).

The IR camera model P1640 G7 includes an optical lens with a coated filter. The
combined transmissivity of optical lens and filter is given by the Optris company
as shown in figure ??. It is apparent, that the transmissivity is reduced to wave-
length ranges from Apin1 = 7.55 um to Apax 1 = 8.35 pm and Apin 2 = 14 pm to
Amax,Z = 20 pm.

Because of Optris intellectual property restrictions, information about the de-
tector and signal processing was not provided. The obstructed detector is an
uncooled microbolometer focal plane array (FPA). Its spectral sensitivity is shown
exemplary in figure ?? and ranges from Apin = 6.5 pm to Ay = 18 pm. In com-
bination with the transmissivity of the optical lens and filter (figure ??) it is
assumed that the major part of the detected radiation is in the red highlighted
wavelength range from Apyin = 7.55 pm to Ay = 8.35 pm.

3.3.2. Calibration curve

A detailed radiometric description throughout the IR camera is made impossible,
due to the lack of hardware information and complexity of radiation propagation
and transduction.

Therefore the calibration curves (section 2.2.5) of the IR camera were utilized,
shown in figure 3.14 for the sighting (red) and measuring (blue) range.

These calibration curves were measured without an additional protective win-

i — Measuring range
6000 - — Sighting range

- i
= 4000 |-
£

20 i
92000

0 L 1

| ! ! ! \ ! \ ! \ ! L
200 400 600 800 1000 1200 1400 1600 1800
Temperature T in K

Figure 3.14.: IR camera calibration curves. Measuring (250...1500°C) and Sighting range
(0..200°C)
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dow, i.e. they include the radiation conversion of the optical lens, spectral filter,
detector element and signal processing. Further calibration information is doc-
umented in the calibration certificate (appendix B.5). For the estimation of the
SSE, information about the measuring range and the blackbody size is however
missing.

3.3.3. Optris Software

A propietary Optris software (PIX Connect) was available for the control of the
IR camera. A snapshot of the graphical user interface is shown in figure 3.16. The
main advantages of the software are:

e Easy operability, by pointing and clicking

Online temperature measurement

Monitoring of ambient, internal and chip temperatures, including alarms

Automatic recording of thermographic images with metadata (chip and
case internal temperature) and time stamps

Adjustment of radiometric parameters in online measurement and play-
back mode of recorded images

e Temperature measurement of self defined subareas

e Access to the metadata of saved thermographic images

This software however has some disadvantages for quantitative thermographical
analyses:

No direct access to radiometric data

No information about the radiometric model
SSE correction not implemented

Image segmentation is not automatic

The general infrastructure of the software is proven to be very useful in securing
a stable connection to the IR camera, obtaining thermographic images, chip and
internal enclosure temperatures with implemented warnings for overheating.
Therefore the software by the Optris company was used for the online measure-
ment and recording of thermographic images. To solve some of the software
technical limits, recorded images were post-processed in MATLAB for object
segmentation and radiometric processing.
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Figure 3.15.: Snapshot of the graphical user interface of the software PIX Connect. Tempera-
ture regions in the live thermographic image (1) are selected and quantified by
temperature profiles (2), temperature areas (3) and histograms (4).

3.3.4. Image post-processing

To obtain insight in the temperature calculation and be able to correct physical
effects, knowledge of the radiometric data is essential. The postprocessing script
is therefore structured around the segmentation and processing of radiometric
data as follows:

e Format conversion and reading of the thermographic image and additional
radiometric properties

e Segmentation of the objects using image processing operators, such as the
prewitt operator, dilation and erosion

e Generation of sampling areas, as part of the segmented object

e Thermographic statistics generation of the sampling areas

e Radiometric conversion of the statistics and processing with the radiomet-
ric properties and SSE

e Thermographic conversion, saving and output of the object statistics

The specific calculations are described for the particular set ups at the experi-
ments and the dish facility in section 4.
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3.4. Radiometric model identification

This section concerns the whole radiometric model, including the radiation con-
siderations in the radiometric chain and the processing and conversion (section
2.2) in the particular IR camera (section 3.3) until the obtainment of an thermo-
graphic image.

The radiometric chain (equation 3.5) can be rearranged by neglecting the in-
fluence of sun radiation (section 3.2.1) and atmosphere (section 3.2.4). The sun
radiation ®gyn reduces then to an ambient radiation ®,;,,,. Furthermore assign-
ing radiances L with the IR cameras particular solid angle and area for the energy
fluxes P yields

LiRcam = Tw(l - eobj)Lamb + Tweobng‘Ej + (1 - TW)LW' (3.11)

Further, representative IR camera signals can be assigned for the radiances [20],
if the behavior of radiance to IR camera signal is proportional (equation 2.30):

SIRcam = Tw(l - eobj)samb + ngobjSE‘Ej(Tobj) + (1 - TW)SW(TW) - SE(TE) (3.12)

Sg is here an additional offset signal related to the temperature of the camera
enclosure (section 2.2). The application-specific radiometric model is further
obtained by identifying a signal-temperature correlation S(T) (section 3.4.1), a
correction for the SSE (section 3.4.2) and the radiometric parameters T,y (section
3.4.3) and &, (section 3.4.5).

3.4.1. Radiometric correlation expressions

To obtain a correlation between radiometric signal and object temperature, the
empirical approach (section 2.2.4) was applied due to missing information about
the IR camera response Res,. Here the calibration curve was utilized for the
titting of the radiometric correlation expressions. Five temperature and sig-
nal values (T} = 823.05K, T, = 873.15K, T3 = 923.15K, T; = 973.05K, Ts =
1023.05K) and (S; = 1378.30, Sp = 1608.97, S3 = 1850.22, S4 = 2101.51, S5 =
2363.40) in the desired temperature range were chosen for the least square fit-
ting procedure. Three candidate expressions for the signal S(T) from Sakuma
and Kobayashi [24] were selected. They are shown in table 3.1. Among them
is an exponent expression, and two Sakuma-Hattori expressions in the Planck
form (here called Sak-Hatt I and II). The Parameter D behaves as an offset to
describe ambient radiation [24] and is not necessary to obtain the general form
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3.4. Radiometric model identification

Expression | Formula Bandwidth Planckian

Exponent | S(T) =C-TA(+D) broad no

Optris

Sak-HattI | S(T) =C- [exp(®) — D] - monochromatic | yes

FLIR

Sak-HattII | S(T) =C-T# - [exp(%) — D] ! | broad and yes
narrow

Table 3.1.: Candidate equations and their qualities of representing the Planck law [24].

of the formula. In their handouts, the Optris company states to use the exponent
form, while the FLIR company states to apply the Sakuma-Hattori I form. The
Sakuma-Hattori II form is a combination of both.

The exponent expression is similar to the Stefan-Botzmann law (equation 2.23)
and thus well applicable for a broad bandwidth. For a narrow-band radiation
thermometer it is limited in its temperature range [24]. The Sakuma-Hattori I ex-
pression is stated by Sakuma and Kobayashi [24] to be applicable for a radiation
thermometer with a monochromatic band. The Sakuma-Hattori II expression
behaves for low temperatures like the Sakuma-Hattori I expression and for high
temperatures like the exponent expression.

3.4.2. Recalibration of the IR camera

The first experiment is performed to recalibrate the focus and size of source
effect.

Figure 3.16.: Setup of the MIKRON M305 calibration blackbody (1) and the P1640 G7 IR camera
(2) for the recalibration.
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Calibration requirements were reproduced by measuring a blackbody at room
temperature with the IR camera P1640 G7, while having the protective window
demounted, shown in figure 3.16. Detailed information about the blackbody
model M305 from the manufacturing company MIKRON, shown in figure 3.17,
can be found in the appendix B.2.

Figure 3.17.: Calibration blackbody M305 with aperture diameter of 25.4 mm

Focus effect routine

A routine to identify the focus effect is described in Saunders [33]. For an closed
up IR measurement of a blackbody it is stated, that a change in focal length
should not affect the measurement in the center of the IR image. Following the
described routine, the IR measurement was held under the smallest IR camera
- blackbody range, with the focal length varied from one to the other extreme.
Here the smallest possible IR camera - blackbody range was measured to be
0.42m instead of the postulated few centimeters.

Size of source effect routine

Saunders [44] further specified a routine for the identification of the SSE with the
same blackbody setup (figure 3.16). He states that the crucial parameter for the
SSE identification is the angular target size 6 of the blackbody calibration source.
The further called recalibration routine follows that multiple angular target sizes
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61,02, ... are obtainable, when varying the distance Dy, Dy, ... of the IR camera to
the blackbody, shown in figure 3.18

Figure 3.18.: Schematic illustration of the SSE routine. Taken from [44]

The angular target size of the initial factory calibration 6, is found, when the
temperature measured by the IR camera meets the blackbody temperature. The
correct radiometric signal with no influence of the SSE would be measured for
an angular target size of 180°, respectively an infinitely large blackbody radiator.
Empirical analytical representations of the SSE were described by Bloembergen
[45] for a radiometric signal related quantity SSE(Tmeas) in relation to varying
blackbody diameters. To apply these empirical analytical representations, equiva-
lent blackbody diameters X were calculated with the angular target sizes 6, 65, ...
at the distance D, found to meet initial factory calibration at the angular target
size 0,1. The SSE factor is calculated by relating the measured value to a reference
value. Since the IR cameras error is minimized at the factory calibration, the
respective signal value is chosen as the reference value:

Smeas(X)
Scal (Xcal)

With an analytical representation for the quantity SSE(X), any measured signal
Smeas(X) can be transferred into an signal S, (X,1) at the calibration distance.

SSE(X) = (3.13)

3.4.3. ldentification of the protective window transmissivity

The same recalibration routine (section 3.4.2), described in the SSE identification
was applied with the mounted protective window. Signals of the setup without
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a protective window are compared to signals of the setup with the protective
window to determine its transmissivity T,. The protective window is shown in
figure 3.19.

Figure 3.19.: Protective window mounted in front of the IR camera.

3.4.4. Validation of the radiometric model and parameters

To validate the identified focus and size of source effects the recalibration routine
(section 3.4.2) was applied to another blackbody model (MIKRON M335) with a
different aperture diameter rgp pm335 = 8.25 mm. Furthermore varying temper-
atures were measured to exclude a temperature dependence of the focus- and
size of source effect.

The blackbody M335 from the company MIKRON used for the validation is
shown in figure 3.20, a data sheet of the similar M330 model is given in the
appendix B.3.

MIKRON

Figure 3.20.: Verification blackbody M335 with an aperture diameter of 16.5 mm.
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3.4. Radiometric model identification

3.4.5. Emissivity identification of a real body

To test the developed radiometric model with its radiometric parameters, the
measurement of a real body is carried out. A plate of inconel 625 steel is prepared
with welded K-type thermocouples and painted with a Macota high temperature
black paint (Model: 08008), shown in figure 3.21a. For standardization of the
experiment and the SSE model, two manufactured apertures of 125, shown in
figure 3.21b and 145 mm were utilized to disclose a circular area of the plate. The

-

(a) Plate of inconel 625 steel painted with black Macota
08008 paint.

(b) Aperture painted with black Macota 08008 paint.

Figure 3.21.: Equipment used for the emissivity measurement of a real body.

plate is mounted in front of an Nabertherm L15/12/p330 muffle furnace and
measured without, as shown in figure 3.22 and through the respective apertures
with the IR camera PI640 G7. A custom segmentation script, here called APTSEG
is made for the correct choice of pixels in the IR image, selecting automatically
same sized areas next to the thermocouples and calculating mean and maximum
signals. Here pixelareas of 20x20, 7x7, 6x6, 5x5 and 4x4 pixel were applied for the
measured distances D; = 1m, Dy = 3m,D3 = 3.5m,Dy = 4m and D5 = 5m.
The Macota (model: 08008) paint emissivity is then obtained by relating the IR
camera signals Sircam, Which are measured with the wrong emissivity e = 1 to
signals Stc, which are equivalent to the respective thermocouple temperature
(equation 2.26):

¢ = OlReam (3.14)
Stc
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3. Methodology

Figure 3.22.: Setup for the infrared measurement with the P1640 G7 IR camera (2) of the Macota
black painted Inconel 625 plate (3) heated with the Nabertherm L15/12/P330
furnace (1) [Distance: 1 m]

The radiometric model and parameters are then compared and validated with
emissivities measured with the stand-alone Perkin Elmer Frontier-FTIR spec-
trophotometer.

3.4.6. Radiometric measurement at the dish facility

Finally the IR camera P1640 G7 was mounted at the DISTAL II solar dish facility
(section 3.1.1) to measure the temperatures of the tubular coated absorber sam-
ples, shown in figure 3.23.

Due to the defocused operation of the solar dish facility DISTAL II, the samples
and a part of the surrounding ceramic were illuminated, shown in the ther-
mographic image in figure 4.21. As a result of the blower cooling, the samples
reached a significantly lower temperature than the ceramic.

An additional weighted radiometric signal Sssg was therefore calculated for the
application of the SSE correction:

SSSE - lI)Ssample + (1 - w)sceramic (3-15)

Where ¢ is the number of sample pixel divided by the number of ceramic pixel
in the IR image, Sgample is the radiometric signal of the respective sample and
Sceramic is the average radiometric signal of all ceramic pixel.
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3.4. Radiometric model identification

Figure 3.23.: Setup for the infrared measurement with the P1640 G7 IR camera (2) of the solar
test bench (3) heated with concentrated solar radiation of the parabolic mirror (1).
[Distance: 5m]

The SSE is then applied as

SSample = SSample,radiom + (1 — SSE ) : SSSE/ (316)

where Sgample radiom 18 the signal processing from applying all radiometric pa-
rameters, with the emissivity among them obtained from prior spectroscopy
analysis.

The signal Ssample is then the corrected radiometric signal, with the calibration
curve (section 3.3.2) it is transformed into the sample temperature Tsample -
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4. Results and Discussion

The following chapter presents and discusses the results, which are obtained
by applying the methods described in section 3. To identify the parameters of
the radiometric model, radiometric correlation expressions were fitted (section
4.1), the focus effect identified (section 4.2), the size of source effect recalibrated
(section 4.3) and the transmissivity of the protective window determined (section
4.4). The radiometric model was then validated with a blackbody (section 4.5) and
a real body (section 4.6) radiation source. Finally results of two thermographic
images from the solar dish facility are presented and discussed (4.7). The raw
thermographic images are processed first with the radiometric model and then
with the SSE correction. Thermographic images, generated with an radiometric
model emissivity and transmissivity of 1 are here called raw images.

4.1. Fitting of the radiometric correlation
expressions

As described in section 3.4.1, the calibration curve was utilized to fit the radio-
metric correlation expression in the temperature range T; = 823.05K...T5 =
1023.05 K. Under calibration conditions (egg = 1, tTw = 1, Tatm = 1, Tamp =
20 °C), the radiometric model in equation 3.12 reduces to

Sircam = Soby(Tobj) — SE(TE)- (4.1)

Applying the formulas from table 3.1 for the signal quantities, derives tempera-
ture related formulas, shown in table 4.1. Two effects, the SSE and the radiation
from the enclosure, cause an offset to the radiometric model. Due to a temper-
ature regulation in the IR camera, the enclosure temperature Tg was found to
be constant under laboratory conditions at 318.15K (45 °C).The remaining SSE
offset, which was unknown at the calibration conditions, is then accounted for by
the parameter D. The coupling of the two offset effects is demonstrated with the
Exponent 1 (Exp 1) and Exponent 2 (Exp 2) model (table 4.1). Compared to the
Exp 2 model, the Exp 1 model does not account for an additional SSE parameter
D. The resulting least square fit for the Exp 1 model gives therefore an unrealistic
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4.1. Fitting of the radiometric correlation expressions

Model | Formula Offset Parameter | RMSE
Expl |S=C- (T(;?D]. —T2) Tg = 44587 | A=179 |0.152
(Optris) C =0.0124
Exp2 |S=C- (T;ﬁb]. —(Tg)») =D | D=31295 | A=179 |0.152
Tg = 318.15 | C = 0.0124
SHPIIT | § = /Tij)_D ~ /TCE?)_D D =101 B=118 | 186
(FLIR) Tg = 318.15 | C = 1.568
SHPII | S = Cs /%_D ~Cp /];%?_D D=-12 A=173 |0.016
Tg = 318.15 | B = 1786.9
C = 0.269

Table 4.1.: Least square fitting results of the radiometric correlation expressions.

high enclosure temperature Ty = 445.87 K. The Exp 2 model is then fitted with
a fixed enclosure temperature Tg = 318.15K, resulting in an SSE related offset
of D = 312.95. Due to the same calculated parameters A = 1.79 and C = 0.0124,
an offset behavior of the parameters Ty and D is shown.

The Sakuma-Hattori Planck I (SH P11) model gives, after fitting with the fixed
enclosure temperature Ty = 318.15K, the offset D = 1.005, which is interestingly
very close to the value in the Planck formula 2.20.

The fitted parameters A = 1.73 and B = 1786.9 of the combined Sakuma-Hattori
Planck II (SH P1 II) model, show higher resemblance with the Exp 2 model
(A = 1.79) than with the SH Pl I model (B = 1.18).

The fitting quality of the respective model is estimated by the root mean squared
error (RMSE) of the least square fit to the calibration function. Here the best fit
is found for the SH P1 II model with a RMSE of 0.016, followed by the Exp 2
(RMSE= 0.152) and the SH P1 I (RMSE= 18.6) model. The goodness of fit for
different models is visualized in figure 4.1. The Sakuma-Hattori Planck II model
was therefore applied to express the radiometric correlation S(T'). By applying
the Sakuma-Hattori Planck II formula, the radiometric model (equation 3.12) is
further specified yielding

SrRcam = Tw (1 = €obj) 70— 4 Ty gy~ — + ..
cam W PV eB/Tame) —D % p(B/Tor) _ (4.2)
1) CTy Tg"
w e(B/Tw) -D e(B/TE) _ D’

with the Parameters A = 1.73, B = 1786.9, C = 0.269 and D = —12.

51



4. Results and Discussion

7000 |- —— Calibration curve
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Figure 4.1.: Signal of the calibration curve (black) fitted in the range T = 773.15...1023.15K by
the models Exp 2 (brown), SH P1 1(blue) and SH P1 2(red) over the temperature.

4.2. ldentification of the focus effect

While carrying out the focus effect routine (3.4.2) raw images (¢ = 1, T = 1) were
recorded using the PIX Connect software. These images are displayed in figure
4.2. By adjusting the IR camera position at the maximum focal length, shown in
tigure 4.2a, the IR camera - blackbody distance of 0.42 m was obtained. At that
distance, the focus effect routine is carried out by turning the ring for the focal
distance adjustment respectively a half rotation (180°). The recorded images are
shown consecutive from figure 4.2a to figure 4.2i. From figure 4.2a to figure 4.2f
an increased blurred area at the edge of the blackblody aperture and a reduced
focused area with constant temperature in the center is apparent. Couterintu-
itively, the area with constant temperature in the center seem to increase from
figure 4.2f to figure 4.2i.

The raw data was here utilized to carry out the thermographic evaluation, shown
in figure 4.3, with the displayed temperatures representing the maximum tem-
perature value of the respective image. The image sequence follows from focused
(image 1) to maximal defocused (image 9). The IR measured temperature shows
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2. ldentification of the focus effect

) Focus effect 1. ) Focus effect 2. ) Focus effect 3. (d) Focus effect 4. e) Focus effect 5.

(f) Focus effect 6. g) Focus effect 7. (h) Focus effect 8. i) Focus effect 9.

Figure 4.2.: Focus effect routine at a distance D = 0.42m.

a constant course from image 1 to image 6 at about 725 °C and then decreases
from image 6 to image 9. Here the temperature difference of 25K to the readout
blackbody temperature of 700 °C arises from a non correction of the SSE (section
4.3). The temperature slope from image 6 to image 9 is assumed to result from the
inaccurate setup (3.4.2) and can be eliminated by a bigger blackbody aperture.
Due to the constant temperature measurement from figure 4.2a to figure 4.2f,
the focus effect was stated to not be existent for the further experiments with
subsequent focussing.

T
- - - ° o —o— IR(raw)

g 700® = = = = - —a— TC(BB readout)
s |
~ u
o 600
P i
g
& 500 -
5
H [

400 L | | | | |

1 2 3 4 5 6 7 8 9

Focal length f in half rotations

Figure 4.3.: IR measured and blackbody readout temperature as a function of focal length. The
focal length is given in half rotations, its actual length can be calculated from the
total focal length of 41.8 mm.
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4. Results and Discussion
4.3. Recalibration of the size of source effect

The SSE routine, described in section 3.4.2 was applied from the minimal dis-
tance of 0.42 m (section 4.2), until a maximum distance of 6.5 m. The maximum
distance was here defined by the minimum object FOV area of 3x3 pixel, given
in the IR cameras data sheet (appendix B.1). Some of the raw thermographic
images, recorded by the PIX Connect software are shown in figure 4.4. Here the
recording distance increases from figure 4.4a to figure 4.4j. Slight inaccuracies of
the focusing and aperture centering in the image are apparent, which may lead
to small variations in the obtained results.

To correct for the blackbody emissivity (egg = 0.995) (appendix B.2) the raw ther-

a) Distance: 0.42m (b) Distance: 0.7 m ¢) Distance: 1.0m d) Distance: 1.3 m (e) Distance: 1.6 m

(f) Distance: 2.1 m (g) Distance: 2.4m ) Distance: 3.3 m ) Distance: 4.1m (j) Distance: 6.5m

Figure 4.4.: Thermographic images of the size of source effect routine from a distance of 0.42m
until 6.5m.

mographic data of each pixel was post-processed with the calibration curve and
the radiometric model (equation 4.2). Due to the demounting of the protective
window the radiometric model reduces to

A
CTA CTgy, T

— (1 —e.. amb : —
SReam = (1 = €oj) 7773 T Eobj B/ Tyy) Com_p Y

To eliminate a focusing error, the maximum temperature values of the respective
images were utilized and are shown in figure 4.5. The blackbody readout shows
slightly higher temperatures (AT < 1K) at small distances. Measurements were
here made while the transient phase was not yet finished. Beyond the distance of
2m the blackbody readout were constant at 700 °C. With an increasing distance,
a slope of the measured temperature is apparent. At the distance of 2.4 m, the
measured temperature Tigr meets the blackbody temperature Tgg and the initial
factory calibration angle 6., = 0.606° is found.

54



4 3. Recalibration of the size of source effect
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Figure 4.5.: Size of source effect. Temperature and signal as a function of the IR camera - object
distance

To apply analytical representations by Bloembergen [45], the SSE quantity is
calculated regarding equation 3.13 with the calibration signal S.,; and the equiv-
alent blackbody diameter X is determined at the reference distance of 2.4m
(SSE = 1). This quantity X is further referred to as equivalent radiation source
diameter. For the data of SSE over the equivalent radiation source diameter, the
least square fit in Bloembergen [45] was found by the representation

SSE(X) = AprL - X"® + CpL, (4.4)

with a root mean squared error of 0.00245. Ap;, = 0.34, ng;, = 0.20 and Cg, = 0.84
are here the fitted Parameters and X the equivalent radiation source diameter at
the 2.4 m distance. The measured data and the fitted representation are shown
in figure 4.6. The maximum thermographic values of the raw images obtained
in the SSE routine are used to show the radiometric correction in figure 4.7.
Processed with the calibration curve, a maximum thermographic equivalent
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1.08 T I I
| | ——IR(SSE experiment) 1
— Bloemberg fit
Lo6 | | Factory calibration

1.04

SSE

1.02

0.98

0.96

| | | | | |
0.02 0.04 0.06 0.08 0.1 0.12

Equivalent radiation source diameter X in m

Figure 4.6.: SSE quantity (blue), measured with the SSE routine and representation Agy, - Xg; +
CpL (red), from Bloembergen [45] as a function of the equivalent radiation source
diameter X.

signal (blue) is determined. Applying equation 4.3, a radiometric (¢opj = 0.995)
corrected temperature, i.e. signal (red) is calculated. After correcting the size
of source effect with equation 3.13, signals related to the calibration distance
(brown) are obtained.

4.4. Estimation of the protective window’s
transmissivity

To estimate the transmissivity of the protective window, the SSE routine was
repeated with the window mounted in front of the IR camera. Due to restriction
of the focal length by the assembly of the window, the shortest measured distance
was here 0.7 m instead of the prior reported 0.42 m. The obtained camera signal
with the mounted window Sircam (Window ) and the prior (section 4.3) calculated
camera signal without the window Sircam (No Window) did then only deviate by
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Figure 4.7.: Radiometric correction of maximum thermographic data, respective to raw images
of the SSE routine. Temperature and radiometric signal of the raw (blue), radiometric
corrected (red) and SSE corrected (brown) values over the equivalent radiation source
diameter X.

the influence of the window. Sircam (Window ) was here expressed under the con-
dition of the mounted window with the whole radiometric model (equation 4.2)
while Sircam (No Window) was expressed regarding equation 4.3. Subtracting the
expression for Sircam (Window) from those of Sircam (No Window ), rearranging
and inserting the expression for Sigcam (No Window) yields

Sircam (No Window) — Sircam (Window)

. CT,» CTg?
SiRcam (No Window ) — D~ YD

Twzl_

(4.5)

The temperature of the window T, was estimated as 20 °C, i.e. 293.15 K. Together
with the parameter A, B, C, D and T from table 4.1 and the measured quantities
Sircam (No Window) and Sigeam (Window), the transmissivity of the window
was calculated according to equation 4.5. The result is shown in figure 4.8 with
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the average of 92.13 %. Along greater equivalent radiation sources, a slightly
decreasing trend of the transmissivity is evident. Reasons for this course may
be related to the prior discussed blackbody temperature stability (figure 4.5),
or due to the variation of incident radiation angles on the protective window.
Reflective effects, or spatial variations of the transmissivity on the protective
window might be relevant. With the initial calibration of the IR camera at the
factory calibration angle 6., i.e. X 51 = 0.0251 m, its transmissivity value, given
as 92.28 %, should be minor effected by errors. Hereof and with the average
value, a window transmissivity T, = 0.922 was estimated.

The roughly estimated 1.3 % influence of the window radiation in section 3.2.2
reduces with the inclusion of the transmissivity to 545.28 - 0.078/(41181.32 -
0.922) = 0.11 %. On the one side, this rough calculation was carried out utilizing
the Stefan-Boltzmann law, which result in an slight underestimation of the
window radiation. On the other side, the window was assumed to not reflect
any radiation (o = 0). From equation 2.16 this results in an overestimation of the
window emissivity ey, and thus the window radiation.

Due to the uncertainties and the small estimated influence of ~ 0.11 %, the
radiation of the protective window was neglected in the further calculations of
the radiometric model, which is then given as

CTA CT4, A
= —e4.)— _amb . oY) _ E
SReam = Tw(1 EOb])e(B/Tamb) -D + TWEObJe(B/Tobj) D CE(B/TE) -D (4.6)

The correction of the infrared measured raw values is shown in figure 4.9.

T
93 |- —o— Measured Ty
— Average(Ty)
W M - »— Factory calibration | |
2 & v ]
| v W'
91 | | | | | | | |
1

2 3 4 5 6 7 8
Equivalent radiation source diameter X inm .12

Transmissivity T, in %

Figure 4.8.: Transmissivity of the protective window and its mean value as a function of the
equivalent radiation source diameter X.

The raw temperatures, i.e. signals (red) are processed with the same correction
steps as in section 4.3, to obtain a comparable signal (brown). Utilizing the
full radiometric model (equation 4.2) the signal is corrected for the protective
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4.5. Validation of the SSE’s temperature independence

window transmissivity (black). In comparison the signal results of recalibrated
SSE routine (blue) are shown.
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Figure 4.9.: Measured and corrected radiometric data with and without a protective window.
Temperature and radiometric signal of raw (red), radiometric corrected (brown) and
SSE corrected (black) values over the equivalent radiation source diameter X. For
comparison, corrected values recorded without the protective window (blue) are also
shown.

4.5. Validation of the SSE’s temperature
independence

Measurements with the blackbody model Mikron M335 were carried out to test
the temperature independence of the SSE. A data sheet of this model was not
available for this model, however the model was stated by the manufacturing
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company to be similar to the M330 model (appendix B.3). The emissivity of the
M335 blackbody was estimated to be egg = 0.990 and the aperture radius was
given as rgg = 8.25 mm. Five temperatures of 500 °C, 550 °C, 600 °C, 650 °C and
700 °C were measured under conditions of equivalent radiation source diameters
0.059m, 0.049 m, 0.0395m and 0.0263 m. The results, obtained with the radiomet-
ric model (equation 4.2) are shown in figure 4.10. The IR measured raw values
show an increasing behavior along greater equivalent radiation source diameters
X due to the SSE. After the radiometric correction of the IR measurements, they
estimate the blackbody temperatures very accurately. Despite one outlier at the
T = 700°C, X = 0.0395m measurement, the deviations between blackbody
readout and corrected IR measurement were smaller than 5 K. Furthermore no
trend along with variations in temperature was apparent. However it should
be noted, that the accuracy depends highly on the emissivity. An emissivity
deviation of 1 % results here approximately in an 4 K offset.
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Figure 4.10.: Temperature and signal values for the blackbody readout (black), raw IR measure-
ment (blue) and corrected IR measurement (red) of the Mikron M335 blackbody
over the equivalent radiation source diameter X. Values related to the temperatures
500 °C, 550 °C, 600 °C, 650 °C and 700 °C are represented by solid, dashed, dotted,
dashdotted and dashdotdotted lines.
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4.6. Validation of the radiometric model with a real body experiment

4.6. Validation of the radiometric model with a real
body experiment

The objective in this next validation experiment, was to measure a real body
and thus follow a routine similar to temperature measurements at the solar dish
facility. This experiment allows to determine the band emissivity of a coated
metal plate. Furthermore the radiation source apertures are manufactured in
greater sizes than those of the blackbodies, which made a validation of the
Bloemberg fit for greater equivalent radiation source diameters possible.

The experiment was evaluated for three temperatures, 500 °C, 550 °C and 600 °C
at five equivalent radiation source diameters of 0.3 m, 0.1 m, 0.086 m, 0.075m and
0.06 m through a 0.125 m aperture and at further five equivalent radiation source
diameters of 0.35m, 0.12m, 0.1 m, 0.087 m and 0.07 m through a 0.145 m aperture.
Higher temperatures could not be obtained, since substrate for the welding of
the thermocouples does not withstand temperatures above 625 °C. Besides the
IR measurement, the temperature of the plate was also measured with four
thermocouples welded on the surface of the plate. Due to the metallic based
welding substrate, a good thermal conduction from the plate to the thermocouple
was achieved. The positioning of these thermocouples is shown in the exemplary
thermographic image 4.11 (T = 500 °C, X = 0.35m) next to the four measuring
points. Especially the non welded part of the thermocouples is here shown in a
darker color, representing lower temperatures.

Figure 4.11.: Thermographic image of the 1 m distant heated plate at T = 500 °C through the
145 mm Aperture. The plate is measured at four points (1, 2, 3, 4) by thermocouples
and the IR camera.
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Despite of the bottom of the aperture, the temperature profile was homogeneous
with slight stripe shaped irregularities, due to the spraying and width of the
paint. Artifacts, resulting from the welding process are apparent at the bottom
thermocouples at measuring positions 2 and 4. Due to these artifacts and the
better homogeneity of the temperature profile around the thermocouples at the
measuring positions 1 and 3, thermal data of the thermocouples at the measuring
positions 2 and 4 were discarded for the evaluation.

Utilizing the APTSEG script (section 3.4.5), similar geometrical areas were chosen
on the raw IR images for the evaluation, shown in figure 4.11 as the measuring
points. The average and the maximum values of these evaluation areas were
then measured. The average IR and thermocouple temperature, resp. signal
measurements are shown in figure 4.12 for the 0.125 m aperture and in figure
4.13 for the 0.145 m aperture.

Aperture 125 mm diameter
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Figure 4.12.: Temperature and signal of the thermocouple (black), raw IR (blue) and corrected IR
measurement (red) of the heated plate through the 125 mm aperture at measurement
position 1 (circle) and 3 (square) over the equivalent radiation source diameter X.
Values related to the temperatures 500 °C, 550 °C and 600 °C are represented by
solid, dashed and dotted lines.
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Aperture 145 mm diameter
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Figure 4.13.: Temperature and signal for the thermocouple (black), raw IR (blue) and corrected IR
measurement (red) of the heated plate through the 145 mm aperture at the measure-
ment position 1 (circle) and 3 (square) over the equivalent radiation source diameter
X. Values related to the temperatures 500 °C, 550 °C and 600 °C are represented by
solid, dashed and dotted lines.

For the correction of the raw values the SSE correction and the radiometric model
from equation 4.6 was used with an emissivity ¢ = 1, yielding

CT4. A
_ obj Te
PRam =W BT b e D @7)

The difference between the correctly measured thermocouple temperature and
the corrected IR temperature is accounted for by the incorrect emissivity setting
of (¢ = 1). To calculate this emissivity, the radiometric model (equation 4.6) was
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4. Results and Discussion

rearranged, yielding

CTA A
. SIRcam(SSE) TWe(B/Ta;I;),D + Ce(B/TE)—D
pr— A A 7
T CTobj _ CTamb
W T 1 W .(B/Tymb) _D

(4.8)

where Siream (SSE) is the SSE corrected signal value of the IR camera and Tobi
the actual object temperature, measured by the thermocouples. The obtained
results from equation 4.8 are shown in figure 4.14 and 4.15 over the temperature
for a mean evaluation of the measuring areas in the APTSEG script.

Aperture 125 mm diameter
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Figure 4.14.: Aperture with 125mm diameter: Measured emissivities of all distances pooled
in a error bar for the temperatures T ~ 500 °C (orange), T ~ 550 °C (violet) and

T ~ 600 °C (green).

Aperture 145 mm diameter
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Figure 4.15.: Aperture with 145mm diameter: Measured emissivities of all distances pooled
in a error bar for the temperatures T ~ 500 °C (orange), T ~ 550 °C (violet) and

T =~ 600 °C (green).

64



4.6. Validation of the radiometric model with a real body experiment

The emissivities are scattered between 89 and 91.5%. A trend along the tem-
perature, shown on the x-axis, or degradation effects are not apparent. Average
emissivity values were therefore calculated to estimate the coating band emis-
sivity. For the 0.125 m aperture, the mean measured values resulted in averages
of €mean = 90.27 %. Similarly, for the 0.145 m aperture, the mean measured val-
ues resulted in averages of €mean = 90.16 %. To account for the variation in
paint width, emissivities were calculated with the maximum temperatures of the
measuring area. Here the average of the maximum measured emissivity of the
0.125m aperture yielded emax = 90.88 %. For the 0.145 m aperture, an average
of the maximum measured emissivity of emax = 90.72 % was calculated. The
measurements were therefore found to be independent on the aperture size.
The difference between mean &mean and maximum ey, measured emissivity is
found to be Ae ~ 0.6 % and assumed to result from the spatial irregularities, due
to the spraying and coating thickness. The emissivity of the colored plate was
therefore estimated to be ¢ = 90.22 £ 0.6 %. To validate this finding, flat metal
samples of inconel 625 steel painted with the MACOTA (Model: 08008) paint
were analyzed with the Perkin Elmer Frontier-FTIR spectrophotometer (section
3.2.3, appendix B.4).
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(b) Emissivity in the wavelength range of the IR camera.

Figure 4.16.: Emissivity of Macota 08008 black paint as a function of wavelength. 65



4. Results and Discussion

Temperature in °C 500 | 550 | 600 | 650 | 700 | 750 | 800

Emissivity(sample A) in % | 90.59 | 90.58 | 90.57 | 90.56 | 90.55 | 90.55 | 90.54

Emissivity(sample B) in % | 90.58 | 90.57 | 90.56 | 90.55 | 90.54 | 90.54 | 90.53

Emissivity(sample C) in % | 90.29 | 90.28 | 90.27 | 90.26 | 90.25 | 90.24 | 90.23

Emissivity(sample D) in % | 90.65 | 90.64 | 90.63 | 90.62 | 90.61 | 90.61 | 90.60

Average in % 90.53 | 90.52 | 90.51 | 90.50 | 90.49 | 90.48 | 90.48

Standard deviation in % 016 | 0.16 | 0.16 | 0.16 | 0.16 | 0.16 | 0.16

Table 4.2.: Findings of the Photospectroscopy: Averaged emissivities in the wavelength band-
width of the IR camera P1640G7 from inconel 625 samples A, B, C, D painted with
MACOTA (Model:08008) paint. The result is weighted with blackbody radiation
of temperatures from 500 °C to 800 °C. Further averages between the samples and
standard deviations are given.

The emissivity, obtained from the reflectivity as ¢ = 1 — p is shown in figure
4.16a over the whole spectrum and in figure 4.16b over the IR camera respective
bandwidth. Over the whole spectrum the sample can be characterized as a grey
body, with a peak between 8 and 9.5 pm. Unfortunately, a part of this peak lies in
the IR camera spectrum of 7.55 ym < Ajrcam < 8.35 pm. The emissivity increases
here from 86 % at A = 7.55pum to 95 % at A = 8.35um. To eliminate a thermal
dependence due to this selectivity, spectrophotometric measurements are ana-
lyzed with additional weighting for temperatures in the respective range. The
results of the photospectroscopy are shown in table 4.2. The average emissivity
in the bandwidth of the IR camera is presented for four samples A, B, C and D,
weighted with seven temperatures from 500 °C to 800 °C. A small temperature
dependence, resulting from the shift of the peak spectral radiation, described
by Wien’s law is observed in the average emissivity between the four samples.
However, due to a difference of Ae = 0.05% from 500 to 800 °C, this effect is
neglected. Therefore an average emissivity of €spec = 90.50 % is obtained. Since
this value agrees very well with the emissivity obtained from the IR measure-
ments of €[rcam = 90.22 % + 0.6 %, the validation of the radiometric model was
successful.

Furthermore an extrapolation of the Bloemberg fit is investigated from the greater
equivalent radiation source diameters X of the 0.125m and 0.145m apertures
at the short distances D of 1 and 3m. A non SSE corrected signal value from
the IR measurement was related to the thermocouples temperature value, to
obtain a SSE quantity for that measurement. The SSE quantities of the four
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4.7. IR measurements at the solar dish facility

measurements are shown in figure 4.17 together with the Bloemberg fit over the
equivalent radiation source diameter. Where the two SSE quantities represent

1.12 +
1.1
1.08 |-
1.06
o
)
N 1.04
1.02 +
— Bloemberg fit
1 o IR(rapt = 72.5mm, D = 1m) | |
0 IR(rapt = 72.5mm, D = 3m)
0.98 | & IR(rapt = 62.5mm, D =1m) | |
0.96 o IR(rapt = 62.5mm, D = 3m)

| | | | | |
0 5.1702 01 015 02 025 03 035

Equivalent radiation source diameter X in m

Figure 4.17.: SSE quantities from plate measurements and the fitted representation from Bloem-
bergen (blue) over the equivalent radiation source diameter X. Shown plate mea-
surements are obtained at 500 °C with an 145mm aperture at 1 m (red) and 3m
(brown) and with an 125 mm aperture at 1 m (black) and 3 m (green)

the two measuring points, i.e. thermocouples 1 and 3. Due to the singularity
of the measurement, an interpretation is restricted and a scattering of the SSE
quantities evident. From the shown results however, a good agreement with the
Bloemberg fit is apparent.

4.7. IR measurements at the solar dish facility

To test the functionality of the IR measuring method, two thermographic images
of different measurement campaigns were evaluated and the results were com-
pared to thermocouple measurements. The routine of the temperature evaluation
involves the recording of the thermographic image at the dwelling phase of a
thermal cycle, the photospectroscopic measurement of the samples emissivity
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4. Results and Discussion

and the evaluation of the thermographic image. Samples with a varying, e.g.
degrading coating emissivity over time are hardly evaluated, since the emissivity
measurement is carried out only after every 25 cycle. Here the image of the
dish campaign 1 is taken at the 12t thermal cycle, while the image of the dish
campaign 2 is taken at the 20™ thermal cycle. The name of the sample, defining
the particular substances of the steel and coating is further colored in cyan. The
enumeration of the samples for one particular setup at the solar dish test bench
follows figure 3.2, described in section 3.1.1.

Dish campaign 1

In this section the evaluation of the first measurement campaign, with the re-
spective tubular coated samples shown in figure 4.18 is discussed.

Figure 4.18.: Center samples 79, 82, 77, 89 and 78 bevore the start of the dish campaign 1, mounted
at the dish test bench.
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4.7. IR measurements at the solar dish facility

The strings of samples are here coated with paint applied by spraying, while
the string of sample 78 is a sandblasted, uncoated sample. The photospectro-
scopic results after the 25" thermal cycle of the center samples 79, 82, 77 and 89
is shown in figure 4.19 for the whole spectral range and in figure 4.20 for the
spectral range of the IR camera. Despite the uncoated sample 78, all samples
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Figure 4.19.: Emissivity of center coatings 79, 82, 77, 89 and 78 as a function of wavelength.

show constant emissivities at 85 % £ 10 % with a peak between 7.8 and 9.3 ym.
The uncoated sample shows a similar course, shifted towards lower emissivities
at about 65 %. The emissivity peak is further represented as an incline in the
spectral range of the IR camera (figure 4.20) and accounted for by the weighting
with equation 3.10. The averaged results over the spectral range of the IR camera
are shown for all samples in table 4.3. Moreover, the thermographic image to
be evaluated is shown in figure 4.21. From the postprocessing, an ceramic area
of 29439 pixel and a samples area of 6764 pixel was calculated. To apply the
SSE correction, it was here assumed that the star shaped radiation source agrees
reasonably well with a circular shape. Thus an equivalent radius of 0.22m and
an equivalent radiation source diameter of X = 0.2113 m was calculated from
the total area A; = 0.15m?, focused by the dish. Since a great part of the apparent
radiation source is illuminated ceramic at higher temperatures than the samples
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Figure 4.20.: Emissivity of center coatings 79, 82, 77, 89 and 78 as a function of wavelength range
of the IR camera.

Tsamples < Tceramic, the signal to which the SSE correction is applied is adjusted
by equation 3.15. Here the ceramic signal value is corrected with an emissivity
of 90 %, estimated from [46]. To analyze the influence of this effect, the further
called method 1 calculates the SSE correction by wrongly assuming same ceramic
and sample temperatures Tsamples = Tceramic/ while the further called method
2 utilizes the weighted average of sample and ceramic temperature, i.e. signal
(equation 3.15). The findings of postprocessing the thermographic image are
then shown in figure 4.22 over the sample enumeration. A sample is measured
here with a 3x3 pixel area, applied to the position of the thermocouple. The

sample 1 2 3 4 5 6 7 8
Emissivity in % | 90.09 | 90.26 | 88.33 | 89.48 | 89.87 | 90.41 | 89.49 | 88.72

sample 9 10 11 12 13 14 15
Emissivity in % | 89.71 | 88.22 | 89.68 | 89.50 | 69.31 | 71.07 | 69.33

Table 4.3.: Photospectroscopic emissivity measurements of the dish campaign 1 samples from
position 1 to 15, regarding figure 3.2.
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4.7. IR measurements at the solar dish facility

Figure 4.21.: Thermographic raw image at dish campaign 1. Tubular coated absorber samples (1)
in the center, surrounded by heated ceramic (2). Remaining non heated ceramic and
other environment (3) is not visible.

presented methods are selected regarding the SSE, since it was assumed to cause
the greatest uncertainty and is not implemented in the IR camera software PIX
Connect. Thus, despite the thermocouple measurement, one method without
SSE correction, the prior described method 1 and method 2 SSE correction are
displayed in different colors. Furthermore each string of samples is displayed by
a different marker type.

Generally the IR measurements in figure 4.22 show greater temperatures, than
the thermocouples, because of the temperature gradient between thermocouple
and coating temperature. The string of samples 13, 14 and 15 could not be mea-
sured successfully, which was caused by a great degradation due to oxidation.
Furthermore the inlet samples (1, 4, 7, 10, 13) show an abberant behavior, which
is caused by variations in the cooling flow. Since the cooling flow is regulated for
the center sample, especially the inlet samples can be effected by non stationary
conditions. The general course from inlet to outlet however shows a similar be-
havior. With the SSE factor of 1.0875 > 1, the SSE correction causes a reduction
of measured temperature, i.e. signal (equation 3.13). The difference between the
SSE corrections method 1 (based on the sample signal) and method 2 (based on
the a weighted sample-ceramic signal) is here about 10K, while the total SSE
correction accounts for approximately 50, resp. 60 K. Due to the greater average
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Figure 4.22.: Results of the dish campaign 1: Temperatures over the respective sample (substrate:
Inconel 617) for the thermocouples (black), the IR measurement without SSE correc-
tion (blue), with method 1 (brown) and with method 2 (red). Sample enumeration
follows figure 3.2. Samples 1-3, 4-6, 7-9, 10-12 and 13-15 each represent one string of
samples, respective to the center samples 79, 82,77, 89 and 78.

temperature of the ceramic, compared to the samples, the weighted signal in
method 2 is increased, which causes a greater subtraction by the SSE correction.
Generally method 1 is assumed to give an overestimation, while method 2 is
assumed to give an underestimation. The real IR measured temperatures are
therefore obtained in between and show reasonable results compared to the
temperatures measured by the thermocouples.

Dish campaign 2

The evaluation of the dish campaign 2 is carried out analogous to the dish
campaign 1. The analyzed samples, mounted on the solar test bench are shown
in figure 4.23.
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4.7. IR measurements at the solar dish facility
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Figure 4.23.: Samples F2, 37, D532, RAI1169 and I+F2 of the dish campaign 2 mounted at the

dish test bench.
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Figure 4.24.: Emissivity of center coatings I+F, RAI1169, D532, BS37 and F as a function of
wavelength.
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4. Results and Discussion

From the spectroscopy curves in figure 4.24 it is apparent that the coatings of
the outside positioned sample strings, [4+F2 and F2 show a selective behavior,
with a great emissivity in the short wavelength band from 0 to 2um and a
small emissivity in the long wavelength band from 8 to 16 pm. In between, the
characteristic sigmoidal curve [47] is observed from 2 to 8 ym. The coatings
RAI1169, D532 and BS37 can be characterized as grey bodies with emissivities
in a range of ¢ = 85% % 10 %. With a peak from 7.8 to 9 um, their emissivity
is increasing in the wavelength band of the IR camera from A = 7.55um to
A = 8.35pm, shown in figure 4.25. The selective coatings I+F2 and F2 on the
contrary behave in this wavelength band like grey bodies. The averaged results
over the spectral range of the IR camera are shown for all samples in table 4.4.
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Figure 4.25.: Emissivity of center coatings I+F2, RAI1169, D532, BS37 and F2 over the wavelength
range of the IR camera.

sample 1 2 3 4 5 6 7 8
Emissivity in % | 22.27 | 18.19 | 16.39 | 88.01 | 86.31 | 86.92 | 91.89 | 91.20

sample 9 10 11 12 13 14 15
Emissivity in % | 89.61 | 82.39 | 83.08 | 81.82 | 41.24 | 43.07 | 44.36

Table 4.4.: Photospectroscopic emissivity measurements of the dish campaign 2 samples from
position 1 to 15, regarding figure 3.2.
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4.7. IR measurements at the solar dish facility

While the deviations in emissivity between samples of one string, i.e. inlet,
center and outlet, were found to be small for the grey body coatings (4...12) with
< 2%, the selective coatings reach higher deviations of ~ 3 % (13,15) and ~ 6 %
(1,3). Generally a great degradation was observed for the selective coatings,
as shown in figure 4.26. The deviations in emissivity might here result from
spatial irregular degradations. Due to the lower resolution these deviations in

(a) Inicial F samples 1, 2, 3 from left to right. (b) Fsamples 1, 2, 3 from left to right after 25 thermal cycles.

(d) F+Isamples 13, 14, 15 from left to right after 25 thermal

(c) Inicial F+I samples 13, 14, 15 from left to right.
cycles.

Figure 4.26.: Photographs of the selective samples at inicial state and after 25 thermal cycles.

degradations are not observed for the selective coatings in the thermal image
(figure 4.27). However due to the small emissivity of the selective coatings in
the wavelength band of the IR camera, they reflect most of their surrounding
radiation. While the center of the samples reflect the ambient radiation, the
curved edges mostly reflect the neighbor samples radiation. While this effect
is well observed in figure 4.27 for the samples 1, 2, 3 on the left of the dish
test bench, the samples 13, 14, 15 show a blurring of the radiations. Therefore
the segmentation of these samples is made more difficult. Compared to figure
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4. Results and Discussion

Figure 4.27.: Thermographic raw image at dish campaign 1. Tubular coated absorber samples (1)
in the center, surrounded by heated ceramic (2). Remaining non heated ceramic and
other environment (3) is not visible.

4.21, the illuminated area in figure 4.27 is segmented with 29714 ceramic pixel
and 9017 sample pixel of similar size. Hereof a furthermore similar equivalent
radiation source diameter of X = 0.2185m was calculated. Contrary to figure
4.21, with a mean ceramic temperature of 861 °C the mean ceramic temperature
in figure 4.27 was only estimated to be 644 °C. The results of postprocessing
the thermographic image are further shown in figure 4.28. Similarly to the
dish campaign 1, a SSE correction of approximately 50 °C is observed. Since
the mean ceramic temperature of 644 °C is very close to the temperature of
the samples, the deviation between SSE method 1 and 2 becomes also very
small. IR measurements of the grey body coatings (4-12) were found to be in
the range of the thermocouples. Due to similar temperature differences between
IR measurements and thermocouples, the center string with the samples 7, 8, 9,
was assumed to be measured most accurately. The results of the strings with the
samples 4, 5, 6 and 10, 11, 12 measure lower temperatures, which however still
might be in the range of uncertainty. The selective coatings show irregularities in
their temperature course and deviations of up to 100 °C. The temperatures of the
samples 1 to 3 are underestimated by the IR measurements and the samples 13 to
15 are overestimated. The, due to the reflections of neighboring samples, reduced
measuring area for the IR camera as well as the uncertainties in emissivity
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4.7. IR measurements at the solar dish facility
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Figure 4.28.: Results of the dish campaign 2: Temperatures over the respective samples (Metal
substrate: T91) for the thermocouples (black), the IR measurement without SSE
correction (blue), with method 1 (brown) and with method 2 (red). Sample enumer-
ation follows figure 3.2. Samples 1-3, 4-6, 7-9, 10-12 and 13-15 account for results of
the strings of samples F2, BS37, D532, RAI1169 and I+F2.

measurement were assumed to be problematic for the utilized postprocessing.
Slight shifts of the 3x3 pixel measuring area were tested and found to obtain
great variances in the results, especially for the samples 13, 14 and 15.
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5. Conclusion

Within the present work, infrared thermography is applied to measure high tem-
perature receivers for CSP systems. Raw thermographic images were recorded
with an IR camera (Optris PI640 G7) and its proprietary software. A postprocess-
ing script, accounting for a major part of this work, was then used to process the
images.

The basic parts of the postprocessing script are the sample segmentation, the
radiometric model and the SSE correction. The sample segmentation finds evenly
distributed samples and defines measuring areas for the respective thermocou-
ples. These segmented areas are then processed by the radiometric model, which
includes the radiometric chain and the radiation conversion in the IR camera.
The radiometric chain concerns the outer-camera-influences on the object radi-
ation, which are its emissivity, the ambiance, the protective window and the
IR camera’s enclosure. The influences were successfully determined from ex-
periments, while the emissivity was obtained regarding the particular receiver
coating with an infrared spectrophotometer. In this context the influences of the
sun and atmosphere between IR camera and object were found to be neglectable.
In the IR camera, the radiations are converted with the Sakuma-Hattori II equa-
tion, which was fitted prior to the IR camera’s calibration curve. After applying
the radiometric model on the raw images, theoretically exact temperatures are
calculated.

Practically it was however found, that optical effects at the focusing lens, sum-
marized as SSE cause a further impact. Since this SSE is not mentioned in the
data, calibration or manual sheets by the IR manufacturing companies, it is very
difficult to detect. With an recalibration of the IR camera, an analytical expression
was fitted to represent the SSE. With further information from the segmentation
tool, the SSE expression could be applied and the real object temperature could
be estimated.

Beside with two validation experiments, the postprocessing script was also
tested with two raw images from the solar dish facility. The first image con-
sisted of one sandblasted and four gray body receiver coatings. Due to oxidation
of the sandblasted sample between the spectrophotometry measurements, its
emissivity and thus temperature could not be estimated. A sound temperature
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difference to the thermocouples was measured for the gray bodies under station-
ary conditions at the center and outlet sample. SSE was here found to account
for approximately 9 %. The second image included three gray body and two
selective coatings. Here the selective coatings showed a greater degradation and
variety in measured emissivities of up to 6 %. Moreover their segmentation was
harder, due to their low emissivities in the IR camera bandwidth and reflections
from neighboring samples. The difficulties with the selective samples were rep-
resented in great measurement variations. While too small temperature were
measured for the samples F1, F2 and F3, the samples I4-F1, [4+-F2 and I+F3 show
too great temperatures compared to the thermocouples. The measurements of
the samples neighboring to the selective coatings show slightly too small tem-
peratures. Whether they are influenced by the selective coatings is not clear. A
sound measurement, in agreement with the measurements of the first image,
was obtained for the center samples D532 and D533.

Due to the implementation of the SSE, the postprocessing script is an improve-
ment compared to the proprietary IR camera software. Besides the thermocou-
ples, the IR camera provides an alternative way of measuring the receiver surface
temperature. Here the postprocessing script may help to estimate a better tem-
perature gradient calculation between thermocouple and surface, or estimate
temperatures if thermal conductivities are uncertain. Compared to the thermo-
couple, the postprocessing script can measure the real spatial resolved surface
temperature. This can be used to monitor temperature courses across the coat-
ings.

Promising short term improvement should be the better estimation of the irradi-
ated ceramic temperature and the spectrophotoscopic transmissivity measure-
ment of the protective window. To validate the implemented SSE at the solar dish
various experiments might be tested. First, the ceramic temperature might be
measured from an solar test bench without receiver samples. Second, a sample
equipped test bench (esamples & €ceramic) could be measured without blower
cooling. SSE methods 1 and 2 should then measure similar temperatures. Finally
the same setup with blower cooling should result in different temperatures for
the SSE methods 1 and 2.

A long term improvement could be the online measurement and the implemen-
tation of a slit response function [48]. The slit response function could decrease
blurring and improve the segmentation for selective coatings. Moreover another
SSE method with annulus of varying temperatures presented in Saunders [49]
could be implemented. Finally, an error calculation could be carried out with a
statistically sound basis of images.
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Appendix A.

Listing of Errors

e Temperature input Tinput(s =1,7 =1) £ 2% [Data sheet IR camera]

Emissivity e = 0.5 % [Spectrophotometer]
Transmissivity T 4 0.37 % [Blackbody experiments]

Size of Source Effect SSE + 0.25 % [Least square fit]

~ Method 1 (D £ 0.1m, X £ 0.05m, Tyumple 2 %)
~ Method 2 (D £+ 0.1m, X £ 0.05m, Tymple = 2 %, Teeramic £ 2%, )

e Sakuma-Hattori fit S + 1.6 % [Least square fit]

e Thermocouple Trc £ 1.0 % [K-type]

Rough estimations:
At~ 700°C

1% (e, T) =~ 4K

5 Signalvalues ~ 1K

Appendix B.

Data sheets
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B.1. IR camera Optris Pl 640 G7

optris® Pl 640 G7 S0 elvall=
TECHNICAL DATA I infrared sensing

High-resolution thermal Features:
imaging solution for the + Line scan function through license-free analysis

glass industry

software optris® PIX Connect
+ Compact in size: 46 x 56 x 76 - 100 mm (1.8 x 2.2 x 3.0 - 3.9 in)
* Frame rate of up to 125 Hz

* Max. scan angle of 111° with 800 pixels per line

Technical specifications

Optical resolution 640 x 480 pixel

Detector FPA, uncooled (17 pm x 17 um)
Spectral range 7.9 um

Temperature range 200 ... 1500 °C (392 ... 2732 °F)
Sighting range 0...250 °C (32 ... 482 °F)

Frame rate 32 Hz / 125 Hz @ 640 x 120 pixels
Optics (FOV) 15° x 11° FOV / f=41.5 mm (f=1.6 in) or

33°x25° FOV / f=18.7 mm (f=0.7 in) or

60° x 45° FOV / f = 10.5 mm (f=0.4 in) or

90° x 66° FOV / f=7.7 mm (f=0.3 in)

max. FOV: 111° / 800 pixels (diagonal scan line / 90° lens)

= =3

(=
Laaalahiadie wo e oo e oo b dodoo o if
SR R0RRECeR a0 RN N0 1
Ml i 08siassiazziae

Cr—-, -, Thermal sensitivity (NETD) 130 mK

122362 E L3 at Ty = 650 °C (1202 °F)

= | u u. Accuracy +2 °C or £2 % (3.6 °F or +2 %), whichever is greater
O

128.48 : PC interface USB 2.0/ optional USB to GigE (PoE) interface

Process interface (PIF), standard 0-10 V input, digital input (max. 24 V), 0-10 V output

Infrared camera with line scan mode

Process interface (PIF), industrial 2x 0-10 V input, digital input (max. 24 V), 3x 0—-10 V output,
3x relay (0-30 V/ 400 mA), fail-safe relay

Cable length (USB) 1 (standard) /5m /10 m /20 m (3.3/16.4 / 32.8 / 65.6 ft)
5and 10 m (16.4 and 32.8 ft) also as HT cable (180 or 250 °C [356 or 482 °F])

Ambient temperature 0°C...50°C (32°F ... 122°F)
Storage temperature —-40...70 °C (-40 ... 158 °F)
Heating process Cooling process
600 °C (1112 °F) 50 °C (122 °F) Relative humidity 20-80 %, non-condensing
Enclosure (size / rating) 46 x 56 x 76 - 100 mm (1.8 x 2.2 x 3.0 - 3.9 in) (depending on lens + focus
position) / IP 67 (NEMA 4)
Weight 320 g (11.3 0z), incl. lens
Shock / Vibration ) IEC 60068-2
Tripod mount Y-20 UNC
Power supply USB powered
Scope of supply + USB camera with 1 lens
+ USB cable (1 m [3.3 ft])
For further information on non-contact * Table tripod

+ Standard PIF with cable (1 m [3.3 ft]) and terminal block
» Software package optris® PIX Connect
* Rugged outdoor case

temperature measurement in the
glass industry, please visit
www.optris.com/temperature-

measurement-glass-industry ") For more details see operator's manual

Optris Infrared Sensing, LLC - 200 International Drive, Suite 170 - Portsmouth - NH 03801 USA
Phone: 603-766-6060 - E-Mail: sales@optris-ir.com - www.optris.com



optris® Pl 640 G7

Dimensions

24-29 (0.94-1.14)

ca. 15 M4 _ .. 6(0.24) depending on lens and
0.59); 6 (0.24) deep ‘ focus position

= —_— - -

©
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S gt |

S} s oy = T
= ! es | . . 39(154) )
& =1 =
) - o~
8 [ e

1/4*-20 UNC 5 ‘ ‘ _ .
6(0.24) deep (0201 | 165
L 52(2.05) | 0.65)
Dimensions in mm (in)
Process integration
optris® USB-Server Gigabit 2.0
Network;’ Internet * Network connection via Gigabit Ethernet
24V DC or * Full TCP/IP support incl. routing and DNS
Power over Ethernet » Two independent USB ports

» Power via PoE or external voltage supply

" = at 24 — 48 V DC
_ HE | PoE 2 . .
. : PC * Galvanic isolation 500 Vg
5, PIX Connect

» Remotely configurable via web based
management

For further information please visit
www.optris.com/usb-server-industry-isochron

optris® Industrial process interface

5-24V DC T
*» Use of camera for process monitoring in

industrial environments
+ Continous fail safe monitoring of imager,

software and cable connections
* 3 analog/ alarm outputs,

2 analog inputs,

1 digital input,

3 alarm relais

1 fail-safe relay

For further information please visit
www.optris.com/industrial-process-interface

optris® Pl NetBox

Analog OUT/IN
Digital IN
:. 8-48VDC Control monitor » Miniature PC as add-on to the Pl series
for stand-alone system
nterlace P HOMI | « Integrated hardware and software
S TeeE— watchdog

LIPIX Connect USB Keyboard/Mouse - Connections: 2x USB 2.0, 1x USB 3.0,
1x Mini-USB 2.0, Micro-HDMI, Ethernet
(Gigabit Ethernet), micro SDHC/
SDXC card

[ Network

GigE aE .

Remote access /setup

For further information please visit
www.optris.com/pi-netbox

- P1 640-G7-DS-US2018-08-A

Specifications are subject to change without notice



B.2. Calibration Blackbody MIKRON M305

LUMASENSE
TECHNOLOGIES

An Advanced Energy Company

MIKRON Calibration Sources

Compact, general purpose blackbody calibration source for medium temperatures.
Temperature range: 100 ... 1000 °C (212 ... 1832 °F).

e Highly mobile due to small form factor and weight

(only 25 kg or 55 Ibs)

e High accuracy = 0.2% of reading =1 °C

e High emissivity 1.0 effective @ 0.7 ... 1.8 pm
T>=230°C,1.0@8..14pum T < 230 °C

e Manufactured and tested to meet rigid quality

control standards

e Furnished with certificate of calibration traceable

to NIST

e RS232 (standard) or RS485 (option) serial

communication output

Blackbody calibration sources
are infrared radiators used

for calibrating and verifying
the output signals of infrared
thermometers (pyrometers),
thermal imaging systems, heat
flux measurement systems,

or spectrographic analysis
systems. LumaSense supplies a
unique selection of very precise
calibration sources that are
traceable to national standards.

The M305 blackbody calibration
source uniquely combines porta-
bility with wide temperature
range, high emissivity and high
accuracy. It is an ideal calibration
unit where portability is required
or where installation space

is limited. Its spherical, metal
cavity design yields an emissivity
of 0.995 over the temperature
range of 100 to 1000 °C (212° to
1832 °F) with an aperture of

25 mm (1"”). An integrally
mounted PID controller adds

to the unique versatility of this
calibrator.

Quotations for custom designs
and variations are available upon
request.

LumaSense calibration sources
have long been the gold
standard to calibrate the instru-
ments that keep your operations
up and running. These black-
bodies are superior because of
the emissivity values, homoge-
neous emission areas, and a
wide range of different sized
apertures to adapt to the desired
target area. In addition, fast
heat-up times and high temper-
ature stability are guaranteed.
The quality of our calibration
sources is guaranteed by tests,
burn-in times, and radiometric
calibrations. On most models,

a certificate is provided to
document the traceability to the
international temperature scale
ITS90 and NIST.

e Sapphire Probe Optical
Pyrometer Calibrations

e Infrared Temperature Sensors

e Infrared Thermal Imaging
Systems

e Spectrographic Analyzers
e Radiometers

e Flux Meters



Technical Data

Measurement Specifications Communications/Interface

Temperature Range:

100...1000 °C (210 ... 1832 °F)

Remote Set Point:

Via serial port

Temperature + 0.2% of reading + 1 °C Method of Control: Digital self tuning PID controller
Uncertainty": . e ..
Environmental Specifications
Temperature 0.1°C ; -
Resolution: Operating Ambient 0..44°C(32..110°°F)
- . Temp:

Stability*: 1 °C per 8 hour period CemIF') : : od o I
Source Non- +0.2 °C typical @T < 230 °C, = 1 °C ooing: an cooled, air et on rear pane
Uniformity: typical at T > 230 °C Operating Humidity: 90% RH max, non-condensing
Heated Cavity Shape: ~ Spherical Dimensions 270 mm x 439 mm X §70 mm
Exit Port Diameter: 25.4mm (1.0") \(; XV: xD): (2150|'(6 )5(51 Tbg x14.6%)
Emissivity: 0.995 =+ 0.0005 (calculated from cavity & t'_ - 9 (5 Ibs)

shape) CE Certified: Yes

Effective Emissivity: 1.00 @ 8 ... 14 ym Electrical

T<230°C,1.00@0.7...1.8 pm
T>230°C

Power Requirements:

115VAC @ 50 & 60 Hz or 230 V AC
@ 50 & 60 Hz, 1000W

Standard Calibration ~ Radiometric
Method:
Temperature Sensor:  Thermocouple

Warm-up Time:

60 minutes from ambient to 700 °C

Slew Rate to 1 °C
Stability:

~11°C/ min for Amb < T < 200 °C
~ 20 °C/ min for Amb < T < 800 °C
~10°C/min for T > 900 °C

Slew Rate t0 0.1 °C
Stability:

1 hour between setpoints

' Accuracy calibration performed radiometrically, the uncertainty of emissivity and

transfer standard are already included.
2Provided stable AC mains voltage and minimum air flow across the exit port or

emitter plate.

Reference Numbers

14430-1
14430-2

Accessories

14002-1  Cold aperture wheel assembly, 6 apertures 25.4 ... 2.54 mm, for M300, M305, M330, M335, M390
14002 Cold aperture wheel assembly, 6 apertures 50 ... 1.56 mm, for M300, M305, M330, M335, M390

19140-485 Optional: Serial Communication Output RS485 (built-in ex works) for M300, M305, M315X, M335, M345X, M360,
M360A, M390

IGA 12-TSP, 1570 nm, 200" 1020 °C, through-lens-sighting, laser target., focus. Optics 2

M305, 100 ... 1000 °C, 25 mm, RS232, 115V AC @ 50 & 60 Hz
M305, 100 ... 1000 °C, 25 mm, RS232, 230 VAC @ 50 & 60 Hz

3840810

Temperature and Gas Sensing Solutions

LumaSense Technologies | An Advanced Energy Company

Americas, Australia, Asia
Sales & Service

Santa Clara, CA

Ph: +1 800 6310176

Fax: +1 408 727 1677

info@lumasenseinc.com

LumaSense Technologies, Inc., reserves the right to change
the information in this publication at any time.

Europe, Middle East, Africa India China

Sales & Service Sales & Support Center Sales & Support Center
Frankfurt, Germany Mumbai, India Shanghai, China

Ph: +49 69 97373 0 Ph: +91 22 67419203 Ph: +86 133 1182 7766
Fax: +49 69 97373 167 Fax: +91 22 67419201 Ph: +86 21 5899 7915

www.lumasenseinc.com

©2019 LumaSense Technologies - M305 Blackbody Datasheet-EN - Rev. 01/28/2019
All rights reserved. LumaSense Technologies, Inc., a subsidiary of Advanced Energy Industries, Inc.



B.3. Verification Blackbody MIKRON M330

LUMASENSE
TECHNOLOGIES

An Advanced Energy Company

MIKRON Calibration Sources

High Temperature Blackbody Calibration Source. Temperature Range: 300 ... 1700 °C

(572 ... 3092 °F).

e High effective emissivity 1.0 @ 0.65 ... 1.8 pm

e High accuracy

e Excellent stability +/-1 °C per 8 hour period B
e Fast slew rate (limited to 20 °C/ min)
e \Wide temperature range

e Manufactured and tested to meet rigid
quality control standards

e Furnished with certificate of calibration traceable

to NIST

e RS232 (standard) or RS485 serial communication output

Blackbody calibration sources
are infrared radiators used

for calibrating and verifying
the output signals of infrared
thermometers (pyrometers),
thermal imaging systems, heat
flux measurement systems,

or spectrographic analysis
systems. LumaSense supplies a
unique selection of very precise
calibration sources that are
traceable to national standards.

The M330 is a blackbody
calibration source utilizing a
digital indicating temperature
controller that may be set to any
temperature between 300 °C
(572 °F) and 1700 °C (3092 °F). A
precision thermocouple controls
the blackbody cavity providing
high accuracy and repeatability.

A closed-end tube with a

25 mm (1"”) aperture diameter

is heated by specially manufac-
tured elements. The temperature

controller uses the industry
standard PID algorithms to
control the emitter temperature
to within +/-0.5 °C.

The blackbody uses a resistive
heater that provide long life.
(Running at temperatures greater
than 1600 °C for long periods

will shorten heater life.) An
independent over-temperature
power cutout system is an added
safety feature. An internal fan
keeps the cabinet surfaces at a
safe, comfortable temperature.

LumaSense calibration sources
have long been the gold standard
to calibrate the instruments that
keep your operations up and
running. These blackbodies are
superior because of the emissivity
values, homogeneous emission
areas, and a wide range of
different sized apertures to adapt
to the desired target area. In
addition, fast heat-up times and

high temperature stability are
guaranteed. The quality of our
calibration sources is guaranteed
by tests, burn-in times, and
radiometric calibrations. On most
models, a certificate is provided
to document the traceability to
the international temperature
scale ITS90 and NIST

¢ Infrared Temperature Sensors

e Infrared Thermal Imaging
Systems

e Spectroradiometers

e High Energy Photon
Generators

e Solar Radiance Simulation

e Optical Pyrometers



Technical Data

Measurement Specifications

Communications/Interface

Temperature Range:

300 ... 1700 °C (572 ... 3092 °F)

Remote Set Point:

Via serial port

Temperature +0.25% of reading + 1 °C Method of Control: Digital Self-Tuning PID Controller
Uncertainty": . e ..
Environmental Specifications
Temperature 0.1°C ; -
Resolution: Operating Ambient 0..44°C(32..110°°F)
- . Temp:
Stability*: + 1 °C per 8 hour period CemIF_) : : T |
Source Non- + 1 °C within center 1/3 of ID % '”9' — an coolec, airinfet on rear.pane
Uniformity: Operating Humidity: 90% RH max, non-condensing
Heated Cavity Shape:  Closed end tube 41 mm ID X 255 mm Dimensions 648 mm x 500 mm x 551 mm
long with ~ 125 mm heated length (field (HxWxD): (25.52" x19.7" x21.7")
replaceable) Weight: 80 kg (175 Ibs)
Exit Port Diameter: 25mm (17) CE Certified: Yes
Emissivity: 1.0 @ 0.65 ... 1.8 um (lower at longer Bl

wavelengths - a correction table is
supplied in the manual)

Standard Calibration
Method:

Radiometric (pyrometric)

Temperature Sensor:

Type B thermocouple

Power Requirements:

208 ... 240V AC, 50 & 60 Hz, 3000 VA
Maximum (US)

230V AC, 50 Hz (EU)

Warm-up Time:

45 ... 50 min. from ambient to 300 °C
65 ... 80 min. from 300 ... 1600 °C

Slew Rate to 1 °C
Stability:

~ 20 °C/ minute

Slew Rate t0 0.1 °C
Stability®:

~ 30 min for T < 500 °C,
~20minT > 500 °C

' Accuracy calibration performed radiometrically, the uncertainty of emissiv-

ity and transfer standard are already included.
2Provided stable AC mains voltage and minimum air flow across the exit

port or emitter plate.

3For 100 °C setpoint change, typ.

Reference Numbers

M330-US, 300 ... 1700 °C, 25 mm, 208 ... 240 V AC, 50 & 60 Hz, (North America)
M330-EU, 300 ... 1700 °C, 25 mm, RS232, 230 V AC, 50 Hz (Manufactured in Germany)

18670-1
3801200

Accessories

14002-1
14002

19140-485 Optional RS485 communications

3840820
3840700

Cold aperture wheel assembly, 6 apertures 25.4 ... 2.54 mm, for M300, M305, M330, M335, M390
Cold aperture wheel assembly, 6 apertures 50 ... 1.56 mm, for M300, M305, M330, M335, M390

IGA 12-TSP, 1570 nm, 250" 1400 °C, through-lens-sighting, laser target., focus. Optics 2
IS 12-TSP, 940 nm, 530 ... 1900 °C, through-lens-sight., laser target., focus. Optics 2

LumaSense Technologies | An Advanced Energy Company

Temperature and Gas Sensing Solutions

Americas, Australia, Asia
Sales & Service

Santa Clara, CA

Ph: +1 800 631 0176

Fax: +1 408 727 1677

info@lumasenseinc.com

LumaSense Technologies, Inc., reserves the right to change
the information in this publication at any time.

Europe, Middle East, Africa India China

Sales & Service Sales & Support Center Sales & Support Center
Frankfurt, Germany Mumbai, India Shanghai, China

Ph: +49 69 97373 0 Ph: +91 22 67419203 Ph: +86 133 1182 7766
Fax: +49 69 97373 167 Fax: +91 22 67419201 Ph: +86 21 5899 7915

www.lumasenseinc.com

©2019 LumaSense Technologies - M330 Blackbody Datasheet-EN - Rev. 02/13/2019
All rights reserved. LumaSense Technologies, Inc., a subsidiary of Advanced Energy Industries, Inc.



B.4. Calibration Blackbody MIKRON M305

n -
I PII(: TECHNOLOGIES

Mid-IR IntegratIR — Integrating Sphere

Upward-looking
IntegratIR

* 3-inch sphere — gold-coated, Lambertian scatterer for
high-performance measurements

* 12-degree hemispherical diffuse reflectance measurement
with specular exclusion port

* Diffuse transmission station for measurement of highly
scattering samples in transmission mode

* Choice of integrated, high-performance detector MCT or
DTGS for ultimate configurability

* Upward- and downward-looking optical configurations to
accommodate a wide range of sample sizes and types

* In-sample-compartment design to minimize laboratory
space requirements

* Configurations available for most FTIR spectrometers

The integrating sphere is very often an accessory of choice when
studying reflectance properties of solids, analyzing light-scattering
and/or highly absorbing samples and collecting spectra difficult to
obtain with standard sampling techniques. PIKE Technologies offers
mid-IR integrating spheres, designed for research and standard
applications that require sensitivity and the ability to collect high-
quality data from difficult to analyze samples.

The PIKE IntegratIR™ spheres are available in upward- and
downward-looking configurations and are suitable for the measure-
ments of absolute and relative diffuse reflectance of solids,
powders and opaque liquids. Each feature a 3-inch diameter highly
reflective gold-coated sphere. The accessory mounts in the sample
compartment of the FTIR spectrophotometer, and uses a dedicated
detector for maximum performance.

Gold-coated Lambertian finish sphere

Both upward- and downward-looking mid-IR spheres feature
a 12-degree illumination of the sample, and offers a specular
exclusion port. For the upward-looking sphere, reflectance
samples are placed directly onto the sample port located on
the top of the sphere. This sphere is ideal for large and/or thick
solid samples. For powder samples, a standard ZnSe window is
available. If preferred, a KBr window can also be used with the
sample plate to minimize the reflection loss compared to ZnSe.

Optical diagram of the upward-looking IntegratIR Sphere.

The downward-looking Mid-IR IntegratIR allows the sample to
be placed underneath the sphere. This configuration is desirable for
measurements of powders and particulate materials because the
incidence beam strikes the sample directly, without passing through
an IR transparent window.

For all spheres, the selection of light illumination onto the
sample or onto the reference surface is done via a flipper mirror.
This allows the background to be collected using either the
substitution method or the Taylor method.

Diffuse transmittance of partially transmitting materials can be
measured with either sphere. This is done by placing the sample on
a standard 2 x 3” sample holder and sliding it in the mount located
in front of the transmission port.

Downward-looking
IntegratiR




A selection of mercury cadmium telluride (MCT) or deuterated
triglycine sulfate (DTGS) detectors is offered with the IntegratIR
spheres. This allows the accessory to be optimized for the application
and sample type. The wide-band MCT is the commonly configured
detector while the less sensitive DTGS is an option for users who
require the convenience of a room temperature detector. The MCT
detector is approximately 50 times more sensitive compared to the
DTGS detector. The accessory comes with built-in detector electronics
and interfaces with most FTIR spectrometers. All detectors are pinned
in place and interchangeable. For those with both mid- and near-IR
spectral capabilities on the FTIR spectrometer an InGaAs detector
may be purchased for sensitive NIR diffuse reflection or transmission
measurements.
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Absolute reflectance spectrum of a painted black panel measured using
the PIKE Mid-IR IntegratIR.
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Comparison of transmission spectrum of paper collected using an
integrating sphere (red) or in transmission mode without a sphere (blue).

SPECIFICATIONS

Optical Design ~ Upward- or downward-looking

sample spheres
Angle of Incidence 12 degrees

3" (76.2 mm) gold-coated
Lambertian surface

Sphere Size and Surface

20 mm
Standard
159 x 248 x 154 mm (excludes baseplate)

Sample Port Size
Specular Exclusion Port

Sphere Dimensions
(WxDxH)

Sample Opening,
Downward Sphere
(WxDxH)

Detector Choice

50.8 x 35.5 x 12.7 mm

DTGS, MCT or InGaAs

Wide-band: 5000-500 cm"'
Mid-band: 5000650 cm'
Narrow-band: 5000-800 cm"'

5000-250 cm”

Spectral Range,
MCT Detectors

Spectral Range,
Extended DTGS Detector
with Csl Window

Spectral Range,
InGaAs Detector

12,200-3850 cm’!

ORDERING INFORMATION

PART NUMBER DESCRIPTION

048-12XX Mid-Infrared IntegratIR Integrating Sphere Accessory
12-Degree Upward Sample Positioning
Includes sphere, purge enclosure and tubing, diffuse
gold reference and sample plate with ZnSe window
048-11XX Mid-Infrared IntegratiR Integrating Sphere Accessory

12-Degree Downward Sample Positioning
Includes sphere, purge enclosure and tubing,
one diffuse gold reference and powder sample cup

Notes: Replace XX with your spectrometer’s Instrument Code. Click for List >
Your FTIR spectrometer must be capable of interfacing with an external detector.

DETECTOR CHOICE FOR INTEGRATIR (must select one)
PART NUMBER DESCRIPTION

048-3350 Wide-band MCT Detector

048-3250 Mid-band MCT Detector

048-3150 Narrow-band MCT Detector

048-3450 DTGS Detector with Csl Detector Window
048-3550 InGaAs Detector

Notes: Detector includes preamplifier electronics. MCT detectors require liquid
nitrogen for cooling.

REPLACEMENT PARTS AND SAMPLING OPTIONS
PART NUMBER DESCRIPTION

048-0108 Sample Plate with 20 x 2 mm ZnSe Window

for Upward IntegratIR
048-0208 Sample Plate with 20 x 2 mm KBr Window

for Upward IntegratIR
048-3000 Diffuse Gold Reference for Upward IntegratIR
048-3001 Diffuse Gold Reference for Downward IntegratIR
048-2020 Powder Sample Cup for Downward IntegratIR
048-2050 Sample Slide for Downward IntegratIR

6125 Cottonwood Drive, Madison WI 53719 + (608) 274-2721 + info@piketech.com + www.piketech.com

PIKE

© 2018 PIKE Technologies, Inc. All rights reserved. All trademarks are the property of PIKE Technologies.




B.5. Calibration certificate

ptris

WKS 17050007

Zertifikat-Nr.
Certificate No.

Kalibrierzertifikat

Calibration Certificate

Gegenstand Infrarotkamera

Object Infrared Imager

Typ OPTPI640G7015T1500
Type

Serien-Nr. Kamera 17050070

Serial No. Camera

Serien-Nr. Optik 17050001

Serial No. Optics

Vergleichsgerite Serien-Nr.
Calibrated Standards Serial No.
OPTLS (8-14pm) 70101

10067604
EXA2074

OPTCTL2MHSF (1,6pm)
Exactus (0,9um)

Die Kalibrierung erfolgt durch Vergleich
des Priiflings mit der Anzeige des
Vergleichsgerites, das durch den
Deutschen Kalibrierdienst (DKD) bzw. der
Physikalisch-Technischen Bundesanstalt
(PTB) kalibriert wurde.

The calibration is performed by comparison
with standards which are calibrated by the
Deutscher Kalibrierdienst (DKD) or
Physikalisch-Technische Bundesanstalt
(PTB).

Kalibrierdatum
Calibration date

Kalibrierzeichen
Calibration mark

73215 PTB 16 2016-06
73114 PTB 16 2016-12
73113 PTB 16 2016-12

Die Kalibrierung der Temperaturquellen erfolgt nach ST-CAL", die Kalibrierung des Gerites
nach CT-CAL'". | The calibration of the temperature sources fulfils ST-CAL", the calibration of

the product fulfils CT-CAL".

Messunsicherheit/Measurement Uncertainty”)

+0,25°C oder %0,25% (der jeweils gréBere Wert gilt)

+0.25°C or +0.25% (whichever is greater)

Die Messergebnisse sind nur zum Zeitpunkt der Kalibrierung giiltig! Alle genannten
Anzeigewerte bescheinigen eine Genauigkeit von 2% oder +/-2°C (der jeweils groRere Wert gilt)
unter diesen Bedingungen. / Each of the named indicated values certifies an accuracy of 2% or
+/-2°C (whichever is greater) under the conditions mentioned here.

Raumtemperatur/Ambient Temperature 26,8°C Messfeld/measuring field: 5x5

Emissionsgrad/Emissivity

1,0 Position Messfeld/position measuring field: 191,144

Optris GmbH Ferdinand-Buisson-Stf. 14 D-13127 Berlin Tel.: +49(0)30 500197-0
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An

Kalibrierzertifikat WKS 17050007
Zertifikat-Nr.
Calibration Certificate Certificate No.
Messergebnisse / Results
Temperaturpunkt| Anzeigewert des Blenden- |Distanz/ | Temperatur- Mess-
| temperature | Gerites / indicated durchmesser | distance| Bereich/ |unsicherheit
point value of the unit | aperture temperature | /luncertainty
range
[°C] [°C] [mm] [mm] [°C] [°C]
200 200,6 50 1000 200...1500 0,6
500 499,3 50 1000 200...1500 1,8
1200 1197,9 50 1000 200...1500 2,3

*) Messunsicherheit der Kalibrierung

Measurement Uncertainty of calibration

Qualitdtssicherung
Quality Control

DIN I1SO 9001:2

008

Datum:15.05.2017
Date:

(Registrier-Nr./ Registration no.: 068887 QM08)

" Werksnorm/ Factory standard

o

Priifer: UZ;—, i

Inspector:

Optris GmbH Ferdinand-Buisson-Str. 14 D-13127 Berlin Tel.: +49(0)30 500197-0
Fax: +49(0)30 500197-10 Email info@optris.de Homepage www.optris.de
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