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Abstract

Radiometric techniques for temperature measurements are indispensable in industrial applications
particularly when the use of contact thermometers is hard or impossible to realize. We present here the
principles and realizations of some new and extended radiometric techniques for measuring the emissivity
and temperature of an object. Using the described techniques, the emissivity and temperature of an Inconel
600 sample at high temperatures in laboratory condition were determined. The validation of the temperature

measurement of the same sample in a simulated industrial condition is also presented.

Keywords: Emissivity; High temperatures; Inconel 600; Multi-wavelength; Radiation thermometry;

Thermal imaging; Virtual-source method



1 Introduction

Radiometric methods for temperature measurement are noncontact and noninvasive techniques, which can
be advantageous in various industrial applications where the use of contact methods (e.g., thermocouples,
resistance thermometers, etc) is not permissible due to harsh or extreme measurement conditions [1-2].
However, there are two major issues associated with the use of such radiometric techniques for temperature
measurements. The first is the unknown emissivity of the object, which is necessary to determine
subsequently the object’s true surface temperature. The second issue is the influence of background
radiation from nearby objects and the emission from and absorption by the environment. These issues

significantly influence the radiation reaching the detector and the resulting temperature reading.

Radiation thermometers (RT) measure the radiation (radiance) emitted by the object and by using known
fundamental physical formula (e.g., Planck’s law of radiation or Stefan-Boltzmann’s law), the corresponding
surface temperature of the object associated with the emitted radiation can be determined. For a perfect
emitter such as a blackbody, the Planck’s distribution for the spectral intensity of radiation emitted at

temperature T is given by [1],
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where ¢; and c; are the radiation constants (¢;=1.1911x10% W-m2-sr! and ¢,=1.4388x102 m-K), and A is
the radiation wavelength. For a real surface, however, the radiation emitted is smaller than that of the
blackbody at the same temperature due to its intrinsic emissive (absorptive) characteristic. The spectral
emissivity of a non-ideal emitter is defined as the ratio of the spectral intensity of radiation emitted by a real

surface, L4, (4,T), to that emitted by a blackbody, Lsn(4,T), at the same temperature and spectral condition,
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In real measurement situation, all radiation entering into the aperture of the RT is being detected by the
instrument. Apart from the radiation from object itself, the detected radiation includes the irradiation from
the surroundings that is reflected by the target surface, target surface irradiationthat is reflected by the
surroundings and then the target itself, and atmospheric scattering and absorption from water vapor, various
gases and dust particles. For an opaque surface (with accompanying diffused irradiation from a large

surrounding at a given temperature Ts,r), the measured radiation intensity can be expressed as,
Lim(AT)=6,L,5 (4T )+ (=)L 5 (4 Tour) ©)



where (1-¢) is the spectral reflectivity of the target surface, which is the fraction of the irradiation from the

surroundings at Tsyr.

In this article, we describe the principles and experimental realizations of various radiometric techniques for
determining the emissivity and temperature of an object. These techniques include the “virtual source”
method (VSM) for surface emissivity determination, thermal imager for large area surface temperature
measurement, and the UV-multiwavength radiation thermometry (MWT) approach for simultaneous
temperature and emissivity measurements. Further, the results from the validation of the temperature
measurements in a simulated industrial condition, using an Inconel 600 sample placed inside an industrial
furnace and heated at high temperatures (600 °C and 900 °C), are presented. The results from the
temperature measurements performed in laboratory conditions using a reference RT and the MWT setup is
qualitatively compared with the temperature measurements performed in a simulated industrial condition

using a transfer RT.

2 Virtual-source Method for Emissivity Measurement

Though radiation thermometry techniques have undergone significant improvements in the last decade, the
precise determination of the emissivity of an unknown material remains one of the many challenging issues
which influences the reliability of such radiometric methods. In this section, we present the principle of the
“virtual source” method for determining the emissivity of a sample without the need to consider the sample

temperature itself,

Figure 1 shows the model used for emissivity measurements using the virtual source method. The model
system consists of the following components: sample S with a unknown emissivity ¢ and temperature T,
shutter C with an aperture of rqradius which is placed in the position L; from the sample, point detector D in
the position Lo from the shutter C, a planar mirror M with reflectance pand with an outer radius of Ry, and
aperture radius of Rmi. The shutter, mirror and detector are aligned with respect to the radiation source axis.
The space surrounding the sample, together with the shutter, mirror and detector, is assumed to have a
temperature To and has the characteristics of a blackbody.

When we assume that the sample radiation has a Lambertian character, the radiation intensity is then
Ms=eoT:%, where o is the Stefan-Boltzman constant. The radiant flux generated by the sample or reflected
from the sample is the measured signal. The radiation reflected from the sample is in the line of sight of the
detector and has an area of Aq. When the mirror is in the position L, the aperture radius Ry is greater than the
radius of the line of sight of the detector which is determined by the position Loand by the radius r; of the
aperture C. The radiant flux from the sample consists mainly of two source contributions: a) radiation



directly coming from the source, and b) radiation from the virtual source (radiation reflected from the
mirror). The radiation flux contribution from the source itself can be expressed as,

g =0T Ay (4)
while the radiation from the virtual source can be expressed as,

Bso = £(1-£)poT *Gys_gAvs (5)
where Ays is the surface of the virtual source and Gys.q is the so-called geometrical configuration factor
(GCF) [3]. For diffusion sources, the GCF is defined as,
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where As and Ar represent the areas of the radiation source and the irradiated surface, respectively. The Ss
and prare the angles between the normal to the elementary surface dAs, dAr and the connection of these
elementary surfaces with the length L. The GCF is a non-dimensional coefficient which expresses the
quotient of the energy from the source emitted onto the target and the overall energy generated by the source
and emitted to the surrounding space.

The flow @spgenerates a secondary source of radiance which irradiates the surface Aq with an intensity of
DsoAqt. The same source (after a double reflection from the mirror and from the surface of the source)

creates a tertiary source with a flow @s; which is expressed as
-1 -1
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When the flow reciprocity

Ade—VS = AVSGVS—d (8)
is applied, we can express the tertiary source flow as
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where F expresses the irradiation of the source by itself through the mirror. The result of this repeated

reflection from the mirror is the radiant flux @s.

¢VS = ¢SO +¢30F +¢50F2 +...¢30Fn.... = @So(l"r‘ F + F2...+ Fn...): @SOL
1-F (11)

For the mentioned geometry of the virtual source and from the GCF point-of-view, the source is divided into
three annuli (figure 1). The radii of the first and the third annulus (R1and Ry) are determined by the points A,
A’ and the radii Rzand R4 of the other annuli are determined by the points B and B". These annuli are the
virtual sources of radiation from which the flow on the surface Aq is limited by the outer and the inner edges
of the mirror (figure 1). Therefore the calculation of GCF is possible according to Eqg. (6) or according to
the Stokes theorem [3]. The flow from annulus A to annulus B with radii Rz and Rs is expressed as a

difference of flows from circular sources with the relevant radii. The GCF for the flow from circular source



with radius rs that irradiates the target with radius rr in the position L can be expressed by the following

equation:
RS | PO 7 Y U744
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The overall flow from the surface Aq is a sum of all the flows from each individual parts of the virtual source
and it is given by the radii R1, Rz, and Rs which are placed in the position 2L,.This overall flow is expressed
as,

Bevs = Ps + [Dysi Ry, Ry 2L,) + Pysy (Rg, Ry 2L5) + Byss (Ry, Ry 2L,5)] (13)
Implicitly the above equation for the overall flow contains the calculation of the GCF. In Eq. (13), the

expression in the square brackets represents the flow component which is dependent on position of the

mirror. This flow component can be expressed as,

Dys(Ly) =£(l-£)poT *[Gysy aAvsiFyst + Gysz_aAvs2Fusz + Gyss_aAvssFyss) (14)
A similar mathematical expression can be used to express the radiation source from the surrounding space at
temperature To. The radiation from the environment which is reflected by the surface Aq can be divided into
two parts. The first part consists of the radiation coming from the environment directly onto the mentioned

surface,

%1(L2)=(1—e)aTo“Ad(1—Gz_d ﬁ) (15)
Aq

where A; (A, =z.R2) is the mirror’s surface area and G.q is the GCF for the radiation flux generated from the
mirror to the surface Aq. The lastcomponent enclosed in the bracket in Eq. (15) represents the shading of the
sample from the environment. The second part consists of the radiation from the environment but now the
radiation irradiates the sample and through the reflections from the mirror it gets on the surface Aq. This part
of radiation flux that the sample is exposed to, is inthe terms of geometry confirmation factor of surfaces
and the correlation factor F (which expresses the multiplicity of reflections for the self-irradiation of the
sample) is identical with the expression for the radiation coming from the sample, Eq. (14). The equation of
the second part of the radiation from the environment reflected by the surface Aq is expressed as
Dy (Ly) = (1~ &) poTy [Gusi-gAvsiFus + Gusz-aAvsaFusa + Gusa-dAvssFusa- (1— G, vs Ai)

VS / (16)
In Eq. (16), the last component in the bracket represents the shading of the radiation from the environment,
just like in Eq. (15). The flows @&\s, @n, @v; are flow components which are dependent on the mirror
position but are additive components to @s, which is independent of position. If there is no mirror in the

model, then the flow which generates the signal is given by the equation,

D, =o-Ad[gT4 +(1—g)TO4]=cDS +(1—&)oAg Ty (17)
As a characteristic quantity for the emissivity determination, we took the flow differences from the
measurements done with the mirror and with the standardized flow with mirror and without the mirror

reduced by the flow from the modulator @=AqcTi'. When we assume that the temperatures of the



surrounding space and of the modulator are equal, then the ratio between the generated signals and radiation

fluxes can be expressed by

U(L,)-U, _ Pvs +|Por + P —(1—5)0'AdT04_
U, oAy (T4 _TO4) (18)

Normalizing the signal to the form of a radiation flux or signal Us we are able to omit the dependence of the

flow, @ys, on the temperature. This will also cause the reduction of the component &.(¢—1) to the following
one (&-1). The residual correction component of the dominant component @ is in the following form (1-
ToY/T4™ Its determination at high temperatures can be done by simply estimating its value which is based
on the estimation of the temperature T. Similarly, we can think in the same way by the flow which is
expressed in the square brackets from the Eq. (18). This component expresses the flow from the

environment which has been superimposed by the reflection from the sample [3, 4].

3 Large Surface Area Temperature Measurement using Thermal Imager

Thermal imagers measure a much larger area of the sample surface, unlike conventional single-spot RT, and
provide a spatial distribution of the surface temperature inthe form of an image [5-6]. Similar to single-spot
RT, the radiation distribution measured by a thermal imager does not only depend on the temperature of the
object but also on its emissivity. The radiation is also highly influenced by various extraneous radiation
sources mentioned in section 1, which should be taken into account and properly corrected when performing
accurate temperature measurements. Most commercially available thermal imagers have auto-correction
capabilities incorporated in the imager’s software. However, the correct values for the object’s emissivity,
the reflected apparent temperature from the surrounding, the focus distance of the imager, the humidity and
temperature of the atmosphere are still being manually inputted into the imager software by the user in order
to obtain a reliable temperature reading.

Figure 2 shows a model for temperature measurement using a thermal imager. For a given object
temperature Topj, the total radiation power, according to Stefan-Boltzmann’s law, received by the TI can be
written as [5],

Wyt = W, + (L— &)W, +(L— 7 Wy (19)
where the first term, e2\W,, is the radiative power emanating from the object (with emissivity &), that
traverses the atmosphere having a transmittance z The second term, (/—&)2W,, is the ambient source
reflected radiative power, where the term (1 — €) is the object’s reflectance. The ambient source is assumed
to have a reflectance temperature Ty, which is considered to be the same for all emitting surfaces within the
hemisphere seen from a point on the object surface. For simplification, the value for the ambient temperature
represents an effective temperature of a complex surrounding. The emittance of the surrounding is assumed
to be 1, which is areasonable assumption based on Kirchhoff’s law [2]. The last term of the measurement

Eqg. (19) is the radiative contribution from the atmosphere, (1-7)Wam. The atmosphere is assumed to have a



temperature Tam. The resulting generated voltage signal corresponding to the radiation from the object can
be expressed as

Vo=(s9" Ve= (' =DV = [(6D7" = &' Vam (20).
Equations (19-20) are the general measurement equations used in all forward-looking infrared type thermal

imagers [7].

4 Multiwavelength Approach for Simultaneous Temperature and Emissivity Measurements

Multi-wavelength thermometry is essentially based on the measurement of the radiance of a source at
several wavelengths and, following some assumptions on the emissivity behaviour of the object, on the
derivation of the temperature of the source from these measurements. The approach can be implemented in
different constructional ways. In the past, it was common to split or select the incoming radiation by means
of optical filters with the consequence that was limited to few and fixed working wavelength bands [8, 9].
Nowadays, the use of linear PDA or CCD array detectors in conjunction with a spectrally-selective device
(e.g., amonochromator or a spectrograph) allows realizing devices with a high degree of flexibility both in
terms of the numbers and position of the working wavelength bands. However, in practice these advantages
are not sufficient to make the multi-wavelength approach reliable for operations in the VIS-NIR (e.g., in the
spectral range useful for temperature measurements around 1000 °C or less). Operating in the typical
wavelength band of 0.65 um - 0.95 um has many negative consequences, particularly the high sensitivity to
the measurement noise and to model errors (errors arising from an incorrect assumption of the behaviour of
the spectral emissivity). On the other hand, this should not be surprising because the multi-wavelength
approach essentially is an extrapolation process towards 4 — 0 of measurement data obtained in a defined
spectral range (as discussed in the next section). At the same time, such considerations also suggest that
reducing the extrapolation range should reduce the relevant errors. A simulation process was carried out at
which it was confirmed that shortening the operating wavelengths down to 0.35 um considerably reduce the
influence of both the measurement noise and model errors [10]. Errors due to random noise can be reduced
by a factor of more than 20 when the emissivity can be modelled with a 2" order polynomial. The model
errors are largely dependent on the equation used in the model and consequently a detailed investigation was
carried out with both real materials and some fictitious linear equations. The reduction of the model errors
when the measuring system was operated to the 0.35-0.95 um band was consistent with all equation models.
From the initial characterization performed of the set-up, it has been found that the MWT can be operated at
temperature as low as 900 °C at wavelengths from 500 nm up. Such a still short wavelength limit is an
essential requisite for taking advantage of the UV operation. Such feature turned out to be important because

it allows measuring an Inconel 600 sample at 900 °C.



A multi-wavelength thermometer measures the spectral radiances from a source at several wavelengths. The

Wien’s approximation of the Planck’s law (shown in Eqg. (1)) can be conveniently used, and is expressed as
Lyr(e,)= £,017° exp(— C%T) (21)
where A is the wavelength, and c; and c; are the radiation constants presented in section 1, & is the spectral

emissivity and T is the temperature in Kelvin. By extending the case of the two-colour thermometer in which

the temperature can be derived simply by taking the ratio of the radiances:

R :Lzl(‘%l’TR) g/llL/ll(T) 11 My In €1, (22)
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provided that the emissivities are the same at both wavelengths, &, =&, . Similarly, extending this
expression to more than two wavelengths, Eq. (21) can be generalized into

Ly (g/li ): 1,00 exp(— ,Z—ZT) (23)
which is basically a system of N equations with N+1 unknowns can be obtained, where i =1, ... N is the
number of wavelengths used. By assuming the emissivity to be a function of the wavelength with no more

than N-1 coefficients, the system of equations will contain no more than N unknowns and consequently can

be analytically solved.

A possible approach, suggested by Coates [8], consists in taking the logarithm of the emissivity versus
wavelength represented by a polynomial expressed in the form,

™
In(s;)= "> a;A (24)
j=0

and with a degree M <N - 2. The spectral radiances can be written down in a straightforward way and
consequently all the succeeding calculations are greatly simplified. By combining Eq. (23) and Eq. (24), the

following equation can be obtained,

V=243 ai (25)
T )
where,
Y =Al-InL, 1 (e, )+ In(e)-5In(4)] (26)

are the measured radiance terms. Consequently, the temperature and the emissivity can be simultaneously
derived by solving the system of equations above.

In practice, to search for the value of T in the Eq. (25) corresponds to searching for the value of Y; when A

tends to zero:

Iim[c—z—ﬁiji\: ajﬂijJ (27)
i

A0 T

and the Eq. (25) assumes the form:



T-22 (28)

The full procedure appears to be as an extrapolation process towards lim 2 — 0. The system of equations to

be solved can be expressed and written in matrix form as:

] fe, -4 -A . =] YT

N Y _ _ 72 - M +1 a N
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where Y isa N dimensional vector containing the measured data (the radiances at N different wavelengths),

M isa matrix whose dimension are (M + 2) x N and containing the constant terms ¢, and the wavelengths,

_)
and A isa vector of dimension M + 2 containing the unknowns (the temperature and the emissivity

_)
coefficients). Finally, the vector A , normally obtained by means of the least square method, can be

expressed as follow:

RN

A=(MTM]IMTY (30)

5. Experimental Realization
5.1 Virtual Source Method

Fig. 3 shows the schematic and actual realization of the virtual-source measurement set-up with individual
components. The tested sample in which the emissivity was determined was Inconel 600 plate with
dimensions of 100 mm by 100 mm by 1.6 mm. The sample was measured at temperatures of 580 °C, 600 °C
and 620 °C. The mirror used in the measurements had a diameter of 50 mm and the aperture in the middle of
the mirror had a diameter of 5 mm. The mirror coating has a reflectivity of 0.98 (p = 0.98). The aperture IC1
has a diameter of 2 mm and its distances to the detector were as follows: Lo =420 mm, L1 =315 mm, L3 =
325 mm, Ls =410 mm. The value of L is varied between 50 mm to 120 mm. The aperture IC2 has a slightly

larger dimension than IC1 (diameter of 7 mm).

For the measurements of radiation a Bentham DH-PY pyrometer was used which can operate on
wavelengths of 1 um - 50 um. A chopper (CTX 15) with a frequency of 15 Hz was also used during these
measurements. The time constant during the whole measuring procedure was 3s. The Inconel 600 plate is
securely attached to a ceramic holder with a heating element, which is powered by an electric source with a
regulation option. This ensures the high stability of the temperature in the vicinity of the sample. The
temperature of the sample was measured to assign the calculated emissivity value to the true sample
temperature and determine the change of emissivity with temperature. Further, temperature measurements

were done to determine the influence of the change of the reflectivity of the mirror at various temperatures



and make the needed correction. The sample temperature was measured using various thermocouples. One

approach was the measurements of temperature by a calibrated type S thermocouple which was put into the
enclosed cavity that was between the heater element and the sample. The thermocouple tip position was in

contact with the sample. The other method used a commercial type K thermocouple specially designed for

the surface temperature measurements. The distance of the mirror from the sample was measured by

calibrated scale embedded into the optical bench on which the experimental setup was assembled.

5.2 Multiwavelength Radiation Thermometry Method

Figure 4 shows the major assemblies of the MWT setup for simultaneous temperature and emissivity
measurements. The first assembly isthe MWT detector, which is based on two devices (a spectrograph
Horiba Scientific model MicroHR-Auto and a TE-cooled CCD detector Horiba Sincerity 1024 x 256,
coupled together). A detailed technical description of the characteristics of both devices can be found in [9].
Table 1 shows the hardware configuration of the detector assembly used during the temperature and
emissivity measurements. The second assembly is the blackbody furnace. A modified commercial LAND
calibration source model R1500T equipped with six silicon carbide (SiC) heaters was used as a reference
source for deriving the spectral responsivity curve of the MWT. A SiC cavity with 45 mm internal diameter
and 95 mm length was constructed. For the measurement comparison, a 15 mm diameter diaphragm was
placed at the aperture of the furnace to make the size-of-source effect (SSE) contributions from furnace and
sample similar. In these conditions, the calculated effective emissivity of the cavity is greater than 0.998.
The radiance temperature of the blackbody cavity was defined with the standard radiation thermometer
(SRT), as areference thermometer which isa primary standard of INRIM. The SRT is based on a Si
photodiode (Hamamatsu S2592-03) operated in unbiased mode with a built-in Peltier cooler (allowing the
temperature of the detector to be controlled at +10 °C). The SRT is a fixed-focus instrument with a working
distance of 675 mm with a minimum target size of 1.5 mm. For the measurement comparison, the spectral
configuration based on a filter centred at 950 nm with a FWHM of 70 nm was used and a multi fixed-points
calibration scheme was adopted. The thermometer was calibrated at the Zn, Al, Ag and Cu point and the

Sakuma-Hattori equation was used to interpolate between the fixed points.

Like inthe virtual source method for emissivity determination, the material used to realize the MWT method
is Inconel 600 (disk with diameter of 16 mm and thickness of 1.6 mm). The sample was mounted onto a
heating sample holder a scheme of which is shown in figure 5. This configuration allowsa metallic sample
of less than 3 mm in thickness to be heated by conduction up to temperature exceeding 900 °C. The surface
temperature of the sample is measured in an independent way with the SRT at a wavelength of 950 nm by
applying the correction for the spectral emissivity of the sample at the same wavelength of 950 nm. The
emissivity has been previously measured at such wavelength and at a temperature of approximately 900 °C

by means of a high-temperature integrating sphere reflectometer of the comparison type [11]. The value of



0.929 was found for the spectral emissivity at 950 nm and 900 °C. A complete run of the measurements

comprising the following:

a) The temperature T of the blackbody reference source is measured with the SRT;

b) The radiance spectra of the blackbody reference source between 500 nm and 950 nm are acquired with
the MWT.,

c) The surface temperature of the heated Inconel 600 sample is measured with the SRT. Such astep is
necessary for the successive comparison with the temperature as measured with the MWT.

d) The radiance spectrum of the Inconel 600 between 500 nm and 950 nm is acquired with MWT.

e) The response curve of the MWT is derived by dividing the output curve obtained at step b) by the
Planck curve at Trer.

f)  The radiance spectrum of the Inconel 600 is obtained by dividing the output curve at step d) by the
response curve of the MWT.

g) The radiance spectrum of Inconel 600 is analysed with the multi-wavelength approach as discussed in
Section 3. A software (based on VBA) dedicated for the set-up has been developed which calculate the
temperature and the coefficients of linear polynomials (from 0" to 2" order) for the spectral emissivity.
Different spectral sub-ranges can be selected.

h)y The different elaborations, in terms of both different emissivity model and spectral sub-ranges, are

analyzed.

5.3 Facility for Validation of Temperature Measurement in a Simulated Industrial Condition

Figure 6 shows a small-scale industrial furnace (slightly modified to provide a variable aperture), which was
used as a facility for the validation of temperature measurements ina simulated industrial condition (e.g., in
petrochemical processing). The modified furnace has a maximum operating temperature up to 1300 °C. The
furnace is equipped with its own temperature controller. It has inner dimensions of 460mm (W) x 690 mm
(D) x 685 mm (H). Various target elements such as plates and tubes can be placed easily inside the furnace
for non-contact temperature measurements. For a plate element, the largest dimension which can be placed
inside is 440 mm (W) x 300 mm (H) x 15 mm (T). A maximum of three tube elements, having equal
dimension of 100 mm (OD) x 10 mm (WT) x 300 mm (H), can be placed inside the furnace at the same
time. The plate element inside the furnace can be oriented at an angle with respect to the thermometer line-
of-sight. Both the plate and tube elements are provided with separate heating facility in order to achieve
various temperature conditions of the target surface and the environment inside the furnace. The plate
element has its own calibrated thermocouple clamped onto the surface of the material to measure
independently the temperature using contact method. For the tube elements, the calibrated thermocouples
are embedded inside the tube wall thickness.



The Inconel 600 samples, with dimensions previously stated in sections 5.1 and 5.2, were first thermally
treated at 950 °C continuously for about 3 days (at ambient atmosphere) to obtain a stable surface oxide
layer. Repeated tests were then performed to ascertain that the oxide layer is already thermally stable at 950

°C before performing the real validation measurements.

Before the samples were sent to other laboratories (SMU for emissivity and INRIM for temperature and
emissivity) these were first measured inside the abovementioned facility. After the other laboratories were
finished with their respective measurements, the samples were sent back to VVSL for re-measurement. For
the measurements, the resulting surface temperature of the Inconel 600 samples at various temperature
conditions between the sample and the furnace, namely Tsampte = Trurnace, @Nd Tsample™Turnace Were
investigated. For all the measurements performed, the samples were securely attached to the large heated
plate element and were positioned at the center of the plate and the furnace aperture. The nominal
temperatures of the samples were set using the temperature controller of the large plate element where the
Inconel 600 samples were securely attached. The temperature was monitored using the thermocouple
provided for the large heated plate element. When the thermocouple reading is already stable, temperature
measurements were then performed, using first the transfer standard RT (single-spot RT from LAND
Instruments) and then the uncooled microbolometer TI. The temperature measurements of the sample sent to
SMU for emissivity measurements were performed only at setpoint temperatures 580 °C, 600 °C, and 620°C
in order to adjust to the limited operating temperature of the virtual source setup (temperature of about 600
°C max). Thus, only the emissivity value at 600 °C can be used to correct for the temperature measurements
done using the TI. On the other hand, the MWT set-up can operate only at minimum temperature of around
900 °C. For the temperature measurements at 900 °C, the MWT results are qualitatively compared with the

results from the transfer standard RT only, since the TI results cannot be corrected for the correct emissivity.

6. Results and Discussion

6.1 Emissivity Measurement using the Virtual Source Method

The results of the emissivity measurements for the Inconel 600 sample are presented in table 2. The
measurements were performed at setpoint temperatures of 580 °C, 600 °C, and 620 °C. For each temperature
setpoint, five measurement runs were performed. The average emissivity of the Inconel 600 sample at 600
°C is 0.85. These values were obtained using a Bentham DH-PY pyrometer, which operates at wavelength
range of 1 um to 50 um. For the thermal imager (A=8 um - 14 um), the measured emissivity is also about
0.85. The overall measurement uncertainty budget for the virtual source method is presented in table 3. The

combined measurement uncertainty is about 0.14 (U (k=2)).



6.2 Temperature and Emissivity Measurements using the MWT Approach

Tables 4 and 5 summarize the results obtained from the MWT approach for the simultaneous temperature
and emissivity measurements of the Inconel 600 sample at setpoint temperatures 880 °C, 900 C and 920 °C.
The MWT was used in the spectral range from 500 nm to 950 nm to measure the sample surface at the
above mentioned temperatures. The true surface temperature of the sample was measured with a standard
radiation thermometer (SRT) at 950 nm. The spectral emissivity of the Inconel 600 sample, measured at
INRIM with a high temperature integrating sphere reflectometer, was used to correct for the radiance
temperature of the radiation thermometer. The MWT was found to measure temperatures in excess of 5.1
°C,1.2°C, 1.4 °Cat 880 °C, 900 °C, 920 °C respectively, with respect to the SRT. All these results are
within the estimated combined standard uncertainty of the measurement, which is about 5.5 °C. For the
spectral emissivity (table 5), the data at 900 °C were analyzed at different spectral ranges between 500 nm
and 950 nm. An average linear 1°t order polynomial fit was derived from these measurement data, which
gives the emissivity values between 0.94 and 0.895 at 500 nm and 950 nm, respectively. The value at 950
nm can be compared with that found with the integrating sphere, i.e., 0.929 and the agreement is within the

estimated standard uncertainty, i.e., 0.036 (U (k=1)).

6.3 Temperature Measurements ina Simulated Industrial Condition

Table 6 shows the results of the temperature measurements of the Inconel 600 sample inside the industrial
furnace using a transfer standard RT (Tsrr) and the thermal imager (raw temperature T and corrected
temperature Teor) at 580 °C, 600 °C, and 620 °C. The corresponding temperatures of the furnace were also
set at the same setpoint temperatures. The raw data (average of center 3x3 pixels) for the sample
temperatures obtained using the thermal imager are corrected for the emissivity (¢ =0.85 at 600 °C) obtained
from the virtual source measurements at the same setpoint temperatures mentioned in section 6.1, and using
Eq. (19) we obtained an emissivity-corrected temperature, Tcorr, Of the sample as presented in table 6. In
deriving the emissivity-corrected temperatures of the Inconel 600 sample, the atmospheric transmission is
assumed to be quite close to 1. From table 6, it can be seen that the maximum difference between the
corrected temperature reading of the Tl and the transfer standard RT is about 2 °C, which is within the

estimated combined standard uncertainty of measurement (about 3.5 °C at 600 °C).

Table 7 presents the comparison of the large area surface temperature measurements using the Tl and

individual single-spot measurements at different positions using the transfer standard RT at 600 °C. The



furnace temperatures are set equal to the setpoint temperatures of the Inconel 600 sample. Again, using the
emissivity value obtained from the virtual source method, the raw temperature data from the Tl
measurements are corrected for the emissivity (¢ = 0.85, tam = 1). In table 7, the left and right positions of
the transfer RT represent the measurement spots located 1 cm (left or right) from the center position of the
sample respectively. The temperature values obtained with T1 are the average temperature values inscribed
within a circle corresponding to about 4 cm in diameter on the sample surface. It is however very difficult to
compare exactly the spot locations where the temperature reading from the transfer standard RT were taken
from the temperature distribution obtained with the TI. As an indication, however, the temperature values
obtained are within the estimated uncertainty. An obvious drawback with averaging over a much larger
surface area is that the resulting surface temperature would not provide a correct surface temperature

representation, especially when localized surface temperature extremes can be present.

6.4 Comparison of the Temperature Measurements between VSL and INRIM (SRT and MWT)

To provide a qualitative comparison between the temperature measurements performed in laboratory
condition (using a reference RT and the MWT method) and the measurements performed in a simulated
industrial condition (using the transfer standard RT), the results from section 6.2 and 6.3 are summarized in
table 8. Only a qualitative comparison between the different methods and measurement conditions can be
provided due to the lack of an agreed measurement transfer parameter for the sample (apart from the agreed
setpoint temperatures) which can strictly be measured by both methods and measurement conditions. This
lack of agreed transfer parameter is mainly due to the complexities involved in each measurement set-up.
However from table 8, it is apparent that the temperature readings of the SRTs of VSL and INRIM indicate a
good agreement (max AT = 0.85 °C). This qualitative comparison provides an indication of the reliability of
measuring the surface temperature of Inconel 600 sample at different locations and at different conditions.
The results from the MWT temperature measurements presented in table 8 also show good agreement with
the VSL’s transfer standard RT. The difference between the average temperature of the VSL’s SRT and the

INRIM’s MWT is within the uncertainty budget of the MWT measurements (U, = 5.5 °C).

6.5 Sample Stability and Reproducibility of Temperature Measurements

As mentioned in section 5.3, the Inconel 600 samples were measured first at VSL before these were sent to
the partner institutes for the emissivity and temperature measurements. After the partner institutes were
finished with their respective measurements, these samples were sent back to VSL for re-measurement.
Table 9 shows the results of the temperature measurements of Inconel 600 sample, which was sent to

INRIM (before sending and re-measurement after the sample was sent back to VSL). From table 9, the



values obtained for both measurement conditions are quite in good agreement. This indicates that the
thermophysical characteristics of the sample were not significantly altered during the MWT measurement.

The results from the temperature measurements demonstrate good reproducibility.

7. Conclusions

Various radiometric techniques for emissivity and temperature measurements of Inconel 600 samples are
presented. From the virtual source method, the emissivity of Inconel at 600 °C, was determined to be 0.85,
with a total combined measurement uncertainty of 0.14 at k=2. This determined emissivity value at 600 °C
was used to correct for the temperature reading obtained with a Tl measuring the same Inconel 600 sample
inside an industrial furnace at the same temperature setpoint. The resulting corrected temperature values
from the TI are in good agreement with the transfer standard RT (ATmx = 1.7 °C). Comparing the
temperature measurements of the same Inconel 600 sample using the MWT and reference RT in laboratory
condition and the transfer RT in a simulated industrial condition, the results also indicated good agreement

(ATmax = 4.4 °C). Thus, the results presented demonstrate that the described methods can be reliably used to

determine the correct emissivity and temperature of an unknown sample.
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Table 1 The settings configuration of WMT used during the simultaneous temperature and emissivity

measurement of Inconel 600 sample.

Parameter Setting(s)

Input optics (pinhole camera lens) f-number =100

Standard working distance (WD) 690 mm, (for measuring the sample at 880 °C, WD =520 mm)
Input slit width 0.1 mm

Nominal target shape (WxH) 8.5 mm x 2.4 mm

Grating pitch 150 rows/mm (ruled, with blaze at 500 nm)

Spectrograph center wavelength 500 nm

CCD detector gain High Sensitivity

exposure times 5s, 10s and 20s (specific measurements, with reference

source at 960 °C, have been performed with exposure time of
4.35)




Table 2 Measured emissivity values for Inconel 600 at different setpoint temperatures using the virtual

source method.

Measurement run ts2=580°C ts2=600°C ts2=620°C
€ &€ &€

1 0.82 0.85 0.85

2 0.81 0.86 0.92

3 0.86 0.79 0.82

4 0.85 0.85 0.78

5 0.89 0.90 0.75

average 0.85 0.85 0.82

std 0.03 0.04 0.07

atsis the nominal temperature value of the Inconel 600 sample (°C)



Table 3 Measurement uncertainty budget for the virtual source method.

Standard Contribution to the
Source of uncertainty ) Distribution
Uncertainty standard uncertainty
Emissivity uncertainty (type A) 0.04 Normal (Gaussian) 0.01
Reproducibility 0.03 Uniform 0.02
Sample temperature uncertainty 0.06 Uniform 0.03
Sample temperature distribution 0.10 Uniform 0.06
combined uncertainty U(k=2) 0.14




Table 4 Temperature measurements using the multiwavelength thermometry method.

t;=880°C ts =900 °C ts=920°C

Measurement SRT MWT SRT MWT SRT MWT
run (°C) (°C) (°C) (°C) (°C) (°C)

1 882.3 887.4 900.6 905.1 920.5 924

2 882.5 890.7 901 903.5 921.1 922.1

3 880.6 883.5 901.8 905.1 921.4 920

4 881.4 886.8 902.4 901.3 922.4 925

5 881.7 885.5 902.8 899.6 922.8 923
average 881.7 886.8 901.7 902.9 921.6 922.8

std. 0.8 2.7 0.9 24 0.9 1.9




Table 5 Derived spectral emissivity of the Inconel 600 sample at 900 °C from the MWT method.

Wavelength (nm) Emissivity, ¢
500 0.940
550 0.935
600 0.930
650 0.925
700 0.920
750 0.915
800 0.910
850 0.905
900 0.900

950 0.895




Table 6 Temperature measurements of the Inconel 600 sample placed inside the industrial furnace using a

single-spot transfer RT (Tsrr) and thermal imager (raw temperature Trw and corrected temperature Teor).

t,=580°C t,=600°C t,=620°C

Measurement TsrT Traw Tcorr Tsgr Traw  Tcorr Tsgr Traw Tcorr
run (°C) (°C) (°C) (°C)  (°C) (°C) (°C) (6 (O

1 582.4 543.6 583.4 603.0 560.5 601.5 623.0 580.8 6233

2 582.2 543.6 583.4 604.0 560.6 601.6 6230 5809 6234

3 582.4 5435 583.3 602.9 560.5 601.5 6234 581.1 6236

4 582.4 543.2 583.0 603.7 560.8 601.9 6234 5813 6238

5 582.3 543.3 583.0 602.9 560.7 601.7 6220 5809 6234
average 582.3 543.4 583.2 603.3 560.6 601.6 6229 5810 6235

std 0.1 0.2 0.2 0.5 0.1 0.2 0.5 0.2 0.2




Table 7 Comparison of large area surface measurement with single-spot measurements at 600 °C.

Measurement SRT Thermal Imager
run left center right Traw Tcorr
1 603.7 603.0 603.8 559.8 600.6
2 602.9 604.0 602.9 559.7 600.4
3 603.8 602.9 604.1 559.7 600.4
4 602.9 603.7 602.9 559.4 600.1
5 603.3 602.9 603.8 559.4 600.1
average 603.4 603.3 603.5 559.6 600.3

std 0.4 05 0.6 0.2 0.2




Table 8 Temperature measurement comparisons using various radiometric methods at different conditions.

ts=880°C ts=900°C ts=920°C
Measurement  VSL INRIM VSL INRIM VSL INRIM

SRT SRT MWT SRT SRT MWT SRT SRT MWT

run OGO UY) G (6 (9 G Q) W9

1 8828 8823 887.4 9023  900.6  905.1 9228 9205 924

2 8818 8825 890.7 9014 901 9035 9228 9211 9221

3 8828 880.6 8835 9027 901.8  905.1 9228  921.4 920

4 8828 8814 886.8 9017 9024 9013 9226  922.4 925

5 8818 8817 8855 9023 902.8  899.6 9216 92238 923
average 882.4 8817 886.8 9021  901.7  902.9 9225 9216  922.8

std 0.5 0.8 2.7 0.5 0.9 2.4 0.5 0.9 1.9




Table 9 Temperature measurements of the Inconel 600 sample (sent to INRIM) before sending and re-

measurement thereafter using a transfer RT

ts=880°C ts = 900°C ts=920°C

Measurement Before After Before After Before After

run (°C) (°C) (°C) (°C) (°C) (°C)

1 882.8 881.9 902.3 901.8 922.8 9229

2 881.8 882.8 901.4 902.2 922.8 923.9

3 882.8 881.8 902.7 902.4 922.8 922.8

4 882.8 881.8 901.7 901.9 922.6 9229

5 881.8 882.8 902.3 902.9 921.6 923.9

average 882.4 882.2 902.1 902.2 9225 923.3

std 05 05 05 0.4 05 0.6




Figure Captions

Fig. 1 Model of the virtual source method

Fig. 2 Model for temperature measurement using a thermal imager (adapted from [7]).

Fig. 3 Schematic of experimental realization of the virtual-source method of measuring emissivity

Fig.4 Multiwavelength set-up for temperature and emissivity measurements

Fig. 5 Schematic of the heating sample holder for the Inconel 600 artefact

Fig. 6 Facility used for the validation of temperature measurements ina simulated industrial condition, a)

small-scale industrial furnace with b) fully opened aperture and c) variable-size aperture
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