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Abstract. The TIR100-2 emissometer (manufactured by Inglas GmbH & Co.KG) is an emissivity measurement
device used by several producers of thermal insulation products for buildings and by some organizations certi-
fying performance of insulation products. A comparison of emissivity measurements on low-emissivity foils
involving different measurement techniques, including the TIR100-2 emissometer, gave widely dispersed re-
sults; the discrepancies were not explained. The metrological performance of the TIR100-2 emissometer and the
uncertainties for measurement on reflective foils was not known, which could be detrimental to users. In order to
quantify the performance of TIR100-2 devices for measurement of total near-normal emissivity of low-emissivity
foils, the Laboratoire National de Métrologie et d’Essais (LNE) analyzed in detail the measuring principle and
listed the associated assumptions and uncertainty sources. A TIR100-2 emissometer actually measures the re-
flectance and, for opaque materials, the emissivity is calculated from the measured reflectance. The parameters
analyzed experimentally are the temperature stability and uniformity of the thermal radiation source, the emissiv-
ity of the radiation source, the response function linearity and the spectral sensitivity of the radiometric detection
system measuring the reflected radiation, the size of the measurement area, and the measurement repeatability
and reproducibility. A detailed uncertainty budget was established. The uncertainty sources taken into account
are the uncertainties of the emissivities of the two calibrated standards used for calibration, the stability and
uniformity of the radiation source temperature, the non-linearity and the spectral sensitivity of the radiometric
detection system, the specific measurement condition related to the radiation source temperature, the uncertain-
ties related to the temperatures of the standards and the sample, the noises on results, and the non-homogeneity in
emissivity of the tested material. The combined measurement uncertainty was calculated for different types of re-
flective foils; the expanded uncertainty is around 0.03 for total near-normal emissivity measurements on smooth
low-emissivity foils. A measurement campaign on five types of low-emissivity foils, involving four TIR100-
2 emissometers, and a comparison to a primary reference setup at the Physikalisch-Technische Bundesanstalt
(PTB) confirmed the uncertainties assessed.
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1 Introduction

Low-emissivity surfaces are sometimes used in association
with thin air or vacuum space to create resistance to heat
transfer. Some insulation products manufactured for build-
ing thermal insulation use this principle to increase the ther-
mal resistance of a thermal insulation system without us-
ing more insulation material. Standard ISO 6946:2017 gives
the calculation method for calculating the thermal resis-
tance of an air space considering the emissivities of the sur-
faces limiting the air space (ISO, 2017). To be in confor-
mity with the European Directive 2010/31/EU on the en-
ergy performance of buildings, manufacturers of insulation
products using the low-emissivity effect must declare the
values of emissivity for their products (European Commis-
sion, 2010). A standard was developed, through the working
group CEN/TC89/WG12, by the European Committee for
Standardization (CEN) for the determination of the declared
thermal performance of insulation products that rely upon
their low-emissivity surfaces to provide a portion of their
claimed thermal performance. The standard EN 16012+A1
defines, among other things, the methods for measuring the
emissivities of low-emissivity thermal insulation products
(CEN, 2015). The methods recommended are the integrat-
ing sphere and a hemispherical near-normal reflectometer.
The integrating sphere associated with a Fourier transform
infrared spectrometer is a quite expensive technique and re-
quires expertise and an appropriate optical configuration to
make correct measurements (Blake et al., 2018; Clarke and
Compton, 1986). Most non-specialist users prefer the solu-
tion of a hemispherical near-normal reflectometer such as
the TIR100-2 emissometer manufactured by Inglas GmbH
& Co.KG in Germany (Inglas, 2020).

A comparison of the emissivity measurement techniques
mainly used by industry and organization testing and cer-
tifying thermal insulation products was organized in 2013
by CEN/TC89/WG12 to check the performance of the ex-
isting measurement techniques. The TIR100-2 emissometer
and integrating spheres associated with Fourier transform
spectrometers were involved in the comparison. The com-
parison gave very scattered results, with a dispersion up to
0.06 for a mean measured emissivity of 0.05 on a reflective
foil (CEN/TC89/WG12, 2013). No explanation was found
for the discrepancies between results; the performances of
the techniques were not known precisely at that time when
applied to low-emissivity foils. At the request of the working
group CEN/TC89/WG12, the research project EMIRIM “Im-
provement of Emissivity Measurements on Reflective Insula-
tion Materials” was carried out to improve the measurements
of total hemispherical emissivity on the low-emissivity foils
found as external surfaces on some thermal insulation prod-
ucts for buildings (JRP EMIRIM, 2017). One of the project’s
technical tasks was the detailed characterization of the metro-
logical performance of TIR100-2 emissometers. TIR100-2
was known at the beginning of the project as a device allow-
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ing fast measurements of total near-normal emissivity and
having a good fidelity among several devices. However, the
performance in terms of trueness and uncertainty was not
known when used for low-emissivity foils. Four partners in
the EMIRIM project used TIR100-2 devices; two of them
were lent by Inglas to two metrological institutes for perfor-
mance characterizations.

In the EMIRIM project, the Physikalisch-Technische Bun-
desanstalt (PTB) performed a detailed analysis of the mea-
surement field size of a TIR100-2 device, tested the effect
of using different sets of standards for calibration and com-
pared the results to results from the primary emissivity mea-
surement setup EMAF at the PTB (Kononogova et al., 2019).
The PTB did not establish a detail uncertainty budget for the
TIR100-2 device applied to low-emissivity foils.

In the study presented here, LNE (Laboratoire National de
Métrologie et d’Essais) characterized in detail a TIR100-2
device with the objective of establishing an uncertainty bud-
get for measurement of total near-normal emissivity on low-
emissivity foils. The measurement results were compared to
results from the primary setup EMAF at the PTB (Monte and
Hollandt, 2010) for global validation of the results including
the uncertainties.

The parameter actually required for calculation of radia-
tion heat transfers between surfaces limiting an air space is
the total hemispherical emissivity of the surfaces. The pa-
rameter measured with the TIR100-2 emissometers is the
total near-normal emissivity, which is the emissivity for all
wavelengths along a direction close to the surface normal.
The characterizations, results, and conclusions presented in
this publication concern only the measurement of total near-
normal emissivity. The calculation of total hemispherical
emissivity from the total near-normal emissivity result is be-
yond the scope of this publication.

2 Measurement principle

The parameter actually measured with a TIR100-2 device is
the total hemispherical near-normal reflectance. The measur-
ing principle is based on the relation (Eq. 1) between the to-
tal hemispherical near-normal reflectance and the total near-
normal emissivity, which is the desired parameter:

Esamp = 1 — Pﬂlv (1)

where &gmp is the sample total near-normal emissivity, and
o is the hemispherical near-normal reflectance.

The relation (Eq. 1) is true if the material is opaque, the
irradiance on the sample surface is Lambertian, the spectral
emissivities of the tested material and of the incident radi-
ation generator are constant depending on wavelength and
the spectral sensitivity of the radiometric detection system is
constant as a function of wavelength. The conditions for the
validity of Eq. (1) are well explained by Siegel and How-
ell (Siegel and Howell, 1972). For reflectance measurement,
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the incident radiation on the sample surface is generated by
a hemisphere heated at a steady temperature of 100 °C. The
hemisphere is coated with a high-emissivity black coating. A
part of the incident radiation is reflected by the surface of the
sample at ambient temperature, and a radiometric infrared
detection system collects the reflected radiation through an
opening in the hemisphere. The radiometric detection sys-
tem is constituted by a Fresnel polymer lens and a Dexter-
2MC thermopile detector with a potassium bromide (KBr)
window 1.01 mm thick (Dexter, 2020). The entrance pupil of
the detection system is limited by the opening in the hemi-
sphere. The reflected radiation is collected by the detection
system with a mean angle of 12° to the normal to the sam-
ple surface. The quite low measurement angle allows the hy-
pothesis of equality between the measured total directional
emissivity and the total near-normal emissivity. Indeed, for
low emissivities, the directional emissivity does not vary sig-
nificantly with the angle for angles below 25° to the normal
(Janssen and Lohrengel, 1991; Geotti-Bianchini and Lohren-
gel, 1989). The radiating cavity has a diameter of 70 mm,
and the opening for detection has a diameter of 6.3 mm. For
calibration and measurements, the sample surface must be
placed in contact with the structure of the instrument so that
the surface is in the same plane for calibrations and measure-
ments. During measurements, the sample receives the radi-
ation emitted by the hemisphere and absorbs a part of that
radiation, which generates a heating of the sample propor-
tional to the duration of exposition. The measurement model
assumes that the temperature of the sample is the same as
the temperatures of the two standards used for calibration. In
order to limit the heating of the sample and of the standards,
the sample and the standards must be put in front of the hemi-
sphere, and the radiometric signal must be measured within
a very short time, less than 3 s.

The instrument must be calibrated to set the sensitivity
in emissivity; the calibration is done at two levels of emis-
sivity, a very low emissivity and a high emissivity. The in-
strument is supplied with a working standard made of alu-
minum and having a low-emissivity mirror-like side and a
high-emissivity side with deep parallel ribs coated with a
black matt paint.

The model for emissivity calculation implemented in the
instrument assumes that the radiometric signal is propor-
tional to the total hemispherical near-normal reflectance of
the sample. Equation (2) is used for calculation of the total
near-normal emissivity from the radiometric signals (Inglas,
2014):

Vu— Vsamp

) 2
VN — Vi @

Esamp = €H T (eH — &N)
where &gump 1s the total near-normal emissivity of the sample,
ey is the total near-normal emissivity of the high-emissivity
standard, ey is the total near-normal emissivity of the low-
emissivity standard, Vsamp is the radiometric signal measured
on the tested sample, Vj is the radiometric signal measured
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Figure 1. Cross-section view of the TIR100-2 instrument.

during calibration on the high-emissivity standard and Vyn
is the radiometric signal measured during calibration on the
low-emissivity standard.

The assumptions associated with the model are the opacity
of the tested material, the proportionality of the radiometric
signal with the total hemispherical near-normal reflectance
of the surface, the sample temperature being the same as the
temperature of the standards, the stability and the uniformity
of the radiating hemisphere temperature, the uniformity of
the total emissivity of the hemisphere, the temperatures of the
optical elements constituting the radiometric detection sys-
tem being steady, the spectral near-normal emissivities of the
sample and the standards and the spectral sensitivity of the
radiometric detection system being constant as a function of
wavelengths.

3 Metrological characterization of the instrument

The assumptions made for establishing the model must be
validated and/or the deviations from the assumptions must
be quantified in order to assess the uncertainties due to the
deviations.

3.1 Stability of the radiating hemisphere temperature

LNE analyzed the stability of the temperature of the hemi-
sphere using an infrared camera (FLIR SC660). The temper-
ature directly measured by the camera is quite noisy. With
the emissometer stabilized in temperature, the hemispherical
cavity temperature was measured with a frequency of 1 Hz
during almost 5h (Fig. 2). The raw temperature results are
affected by a noise characterized by a standard uncertainty
of 0.15 K for a sample of 100 results (100 s duration). In nor-
mal use, the emissometer is recalibrated every 10 min (In-
glas, 2014). When testing low-emissivity foils, after each cal-
ibration, a measurement is performed on the low-emissivity
standard 30 s after the calibration to ensure that the calibra-
tion is reliable. Then the measurements are performed on the
samples to be tested every 30s. The 30 s duration between
each measurement is important for letting the device recover
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Figure 2. Temperature of the hot hemisphere measured with the infrared camera.
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Figure 3. Maximum variations of the temperature of the hemisphere over a duration of 600s.

from the perturbation caused by the presence of the sample,
which changes the heat power lost by the hot hemisphere.
For each individual measurement, the operator checks that
the hot hemisphere temperature displayed by the emissome-
ter is within a mean value = 0.25 K. The mean value can de-
pend slightly on the device, but it is set close to 100 °C by
the manufacturer. Considering the procedures for calibration
and measurements with the frequent control of hemisphere
temperature by the operator, the raw temperatures of the hot
hemisphere measured with the infrared camera were low-
pass-filtered by sliding averaging over 30 s duration (Fig. 2).
The maximum variations of the measured low-pass-filtered
temperature during periods of 600 s (the maximum duration
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between calibrations) were calculated; the results are shown
graphically in Fig. 3. From those results, it is reasonable to
account for variations of 0.3K for the temperature of the
hemisphere to assess the related uncertainty on the measured
emissivity. The signal measured by the radiation detector of
the emissometer is proportional to the sample surface radi-
ance in the direction of measurement. The near-normal ra-
diance of the sample surface when exposed to the radiation
from the hemisphere was calculated for the temperatures 100
and 100.3 °C as a function of sample emissivity. The differ-
ence between the two radiances varies linearly with the sam-
ple emissivity, leading to an error maximum for low emissiv-
ities (maximum reflection of the hemisphere radiation).
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Figure 4. Analysis of the temperature uniformity of the heating
hemisphere. (a) Experimental configuration. (b) Example of the
thermal image obtained.

3.2 Uniformity of the radiating hemisphere temperature

The signal delivered by the radiometric system of the
TIR100-2 is proportional to the sum of two terms. The first
term is the part reflected by the sample surface (measurement
spot) toward the radiometric system aperture. This reflected
radiation is proportional to the radiation incident on the mea-
surement spot and coming from the hemisphere, that is to say,
from all directions. The second term is the radiation emitted
by the sample surface (measurement spot) toward the radio-
metric system aperture. The reflection of the radiation from
the hemisphere toward the aperture has a hemispherical di-
rectional character, and the emission from the sample surface
toward the aperture has a directional character. The temper-
ature and the emissivity of the hemisphere must be uniform
for the validity of the measurement model implemented in
the emissometer (Eq. 2).

LNE analyzed the temperature uniformity of the hemi-
sphere using the same infrared camera that was used for mea-
suring the temperature stability. The TIR100-2 emissometer
was placed on a two-axis goniometer in order to rotate the
emissometer around the center of the hemisphere. Having
the rotation of the TIR100-2 around the center of the hemi-
sphere, the measurement of the temperature of the spot is
always done along a direction locally perpendicular to the
hemisphere. The experimental configuration is illustrated in
Fig. 4. A spot is defined on the image, and the mean tem-
perature over the spot is calculated: this mean temperature is
considered a local temperature of the hemisphere. The rota-
tion of the TIR100-2 around the two perpendicular axes gave
the relative temperature curves given in Fig. 5. The summit
of the hemisphere was defined as the reference point.

The direction for reflectance measurement is 12° to the
normal to the sample surface. The TIR100-2 is calibrated
with a solid specular sample, so in low-emissivity calibra-
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tion configuration only a specific region of the hemisphere
generates the radiation reflected by the specular standard and
measured by the instrument. The precise location of the re-
gion implied is not easy to know because the geometry of
the beam collected by the radiometric system is poorly de-
fined. When comparing a more or less specular sample to a
perfectly specular sample, the possible variation of the mean
temperature of the hemisphere region generating the mea-
sured radiation is assumed to be within £ 1.0 K.

3.3 Emissivity of the coating applied to the radiating
hemisphere

Knowledge of the total emissivity of the hemisphere is re-
quired to quantify the multi-reflection effects in the cavity
constituted by the hemisphere and the sample surface. It is
preferable that the emissivity of the hemisphere is high and
does not show strong spectral variations.

LNE measured the near-normal spectral emissivity on a
sample of the coating provided by Inglas. The measurement
was performed with a ® 75 mm integrating sphere from LNE
by reference to an Infragold® working standard; the sample
was at room temperature. The spectral near-normal emissiv-
ity curve is given in Fig. 6. The total near-normal emissivity
of the coating was calculated using Eq. (3).

EtotNN =
Jommg, (T8 - dh+ [0, (T, ) - dA
3um €r° sA) - 17um &2 (T, 2)-
50 um;o ’ )
f3“m I°(T, ) -dx

where A is the wavelength, ¢, is the spectral near-normal
emissivity, T is the coating temperature in use (100 °C), and
lo(T, A) is the spectral radiance of a blackbody for the tem-
perature 7 and the wavelength A. For the spectral range 3
to 17 um, the spectral near-normal emissivity is the mea-
sured emissivity. For wavelength from 17 to 50 pm, the spec-
tral emissivity is assumed constant and equal to the mean
of the spectral emissivities measured from 16 to 17 um. The
total hemispherical emissivity was calculated from the to-
tal near-normal emissivity using a model recommended for
high emissivities (Rubin et al., 1987). For the quantifica-
tion of the uncertainty on the total hemispherical emissiv-
ity of the coating, the uncertainties taken into account are
the uncertainties of the measured spectral emissivities be-
tween 3 and 17 um, the uncertainties on the spectral emis-
sivities extrapolated above 17 ym and an uncertainty related
to the model of calculation. The expanded uncertainty for the
extrapolated spectral emissivities is assumed to increase lin-
early with wavelength from 0.02 at 17 um to 0.25 at 50 um.
The expanded uncertainty related to the model of calcula-
tion is 0.02 (k =2). The total hemispherical emissivity of
the coating calculated from the spectral results is 0.91 0.03
(k = 2) for the temperature 100 °C.
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3.4 Response linearity of the radiometric detection
system

The model of response implemented in the emissometer
(Eq. 2) is based on the linear response assumption as a func-
tion of the apparent total radiance of the sample surface.

A tentative experiment was carried out by LNE to test
the global linearity of the response of a TIR100-2 emis-
someter. The experimental configuration is shown in Fig. 7.
The emissometer was tilted at 12° so that the axis of the
radiometric detection system is horizontal. The emissome-
ter was placed at a distance from a blackbody source with
adjustable temperature, and the detection system axis was
aligned with the blackbody axis. The blackbody is a Gemini
R 550 portable blackbody calibration source from Isotech.
The cavity is cylindrical with a conical bottom (diameter
65 mm, depth 180 mm). The apparent emissivity of the cav-
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ity is 0.995 (Isotech, 2021). The temperature of the cavity
was measured with a calibrated RTD sensor. The blackbody
was placed successively at three different distances from the
emissometer and for each distance; the temperature of the
blackbody was changed so that the signal delivered by the
emissometer covers almost all the signal range when mea-
suring emissivities from zero to one. The normalized raw
signal 1 corresponds to the signal measured for a very low
emissivity. The blackbody temperature was changed, respec-
tively, from 28.5 to 100.3°C, 24.8 to 110.2°C and 24.1 to
130.1 °C, respectively, for the distances 0.5D, 1D and 2D
from the center of the heating hemisphere to the opening of
the blackbody. D was 70 mm, the diameter of the hemisphere.
These tests showed that the response of the radiometric de-
tection system is as a first approximation linear as a function
of the total irradiation on the optical system aperture. How-
ever, the tests are sensitive to various perturbations such as
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the variations of atmospheric transmittance along the optical
path and the variable heating of the lens with the irradiance
on the aperture. When the raw measured signal is quite high
(as when the sample emissivity is less than 0.2), the tests
showed that the sensitivity of the radiometric detection sys-
tem can be considered constant within 0.3 %.

3.5 Determination of the relative spectral response of
the TIR100-2

Knowledge of the radiometric system spectral sensitivity is
required for quantifying the potential error due to the imper-
fectly flat spectral response in the spectral range 3 to 50 pm.
The TIR100-2 spectral response is mainly related to the spec-
tral sensitivity of the detector and to the spectral transmit-
tance of the lens used for focusing the radiation on the de-
tector. For quantification of the errors related to the specific
spectral response, knowledge of the relative spectral sensi-
tivity (spectral sensitivity divided by the maximum spectral
sensitivity) is sufficient. Knowledge of the absolute spectral
sensitivity is not required.

The transmittance of the lens material was measured by
LNE from 2 to 50 um using a FTIR spectrometer on a sample
supplied by Inglas. The measurement was done on a sample
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with a thin uniform layer of the material used for the lens.
The tested area was 0.37 mm thick with a constant thickness.
The lens used in the TIR100-2 is a Fresnel lens with a max-
imum thickness of 0.47 mm. The relative spectral transmit-
tance curve obtained by measurement is shown in Fig. 9.
The relative spectral sensitivity of TIR100-2 instruments
is mainly generated by the product of the relative spectral
transmittance of the lens by the relative spectral transmit-
tance of the detector window. The detector used is a Dexter-
2MC thermopile with a KBR window 1.02 mm thick. Dexter
company claims that the detector without a window has a flat
spectral response from 100nm to 100 um and has a linear
signal output for irradiance from 107® to 0.1 Wem™2 and
that the KBR window has a band pass from 0.2 to 30 ym
(Dexter, 2020). The relative regular spectral transmittance of
a 1.02 mm-thick KBR window was calculated using the spec-
tral refractive index and the absorption coefficient of KBR
material (Driscoll and Vaughan, 1978). The relative spectral
sensitivity of the radiometric system was calculated as the
product of the relative lens material transmittance by the rel-
ative spectral transmittance of the KBR window. The spectral
relative curves are shown in Fig. 9. The relative spectral sen-
sitivity is mainly influenced by the spectral transmittance of
the lens material for wavelengths below 25 um and by the

J. Sens. Sens. Syst., 10, 135-152, 2021
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spectral transmittance of the KBR window for wavelengths
above 25 um.

3.6 Size of the measurement field

LNE measured the measurement field size by linear displace-
ment of a reflective strip 16 mm wide with parallel edges
in the plane of the sample surface. The reflective strip was
bonded onto a black surface to create a contrast of reflection.
The displacement was done along two perpendicular direc-
tions, and the curves of the relative variations of signals with
displacement are shown in Fig. 10. From the curves and the
width of the reflective strip, it is possible to conclude that the
overall spot diameter, at the base, is 20 mm, and the spot is
quite symmetrical. Kononogova et al. (2019) characterized
also in detail the spot size of another TIR100-2 emissometer.
They measured the same dimensions of the field seen by the
radiometric detection system and showed that 50 % of the ra-
diation collected by the detector comes from a circular area
with a diameter of approximately 10 mm. The measurement
field dimensions are not a critical parameter, but it can be
useful to analyze emissivity results on non-uniform surfaces.

4 Assessment of uncertainties

4.1 Uncertainty sources

An exhaustive analysis of the measurement principle, the in-
strument configuration and the calibration and measurement
procedures made it possible to list the uncertainty sources for
the measurement of total near-normal emissivity. The uncer-
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tainty sources are given below; they are classified according
to their origin.

4.1.1 Uncertainty sources related to the TIR100-2
emissometer

The uncertainty sources related to the emissometer are the
thermal stability of the TIR100-2 after calibration, the tem-
perature uniformity of the hemisphere, the response non-
linearity as a function of sample reflectance, the non-flat
spectral response of the radiometric detection system, the
hemisphere temperature and the instrument sensitivity to the
angular diffusion of reflection on the sample surface.

4.1.2 Uncertainty sources related to the calibration and
measurement procedures

The uncertainty sources related to the calibration and mea-
surement procedures are the uncertainties on the total near-
normal emissivities of the reference standards used for cal-
ibration, the uncertainties related to the temperatures of the
reference samples and to the temperature of the tested sam-
ple, the measurement noises, and the homogeneity in emis-
sivity of the tested material.

4.2 Evaluation of uncertainties

4.2.1 Uncertainty related to the temperature stability of
the radiating hemisphere

It was shown experimentally that the stability of the hemi-
sphere temperature is within 0.3 K between successive cal-
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Figure 10. Relative spectral signal measured with the TIR100-2 emissometer when displacing a reflective strip in the plane of the sample

surface.

ibrations (600s). Assuming the hemisphere radiates like a
blackbody, the apparent total radiance of the sample surface
in the direction of measurement is given by Eq. (4).

4

T :
hem sample
Radsample = (1 — &meas)o T ~+ EmeasO z

“

where e&meas 1S the total near-normal emissivity mea-
sured on the sample, o is the Stefan—Boltzmann constant
(5.670374 x 1078 Wm™2K™*), Them is the hemisphere tem-
perature and Tsample is the sample temperature.

The magnitude of the error induced by a variation of the
hemisphere temperature is given by Eq. (5).

|&€meas — Ssamplcl =

(- rs‘sampl«:) [(Them + AThCm)4 - Tt;‘em]
Them + 4] , )
T —T
sample hem

where AT is the variation of the hemisphere temperature
(0.3K).

The standard uncertainty related to the variation of the
hemisphere temperature from 100 to 100.3°C is given by

Eq. (6).

|€meas — Esample |

. = |0.0026¢ — 0.0026|

(6)

Uvar hem temp =

4.2.2 Uncertainty due to the non-uniformity of the
temperature of the radiating hemisphere

The analysis of the uniformity of the hemisphere tempera-
ture showed that the non-uniformity that can be considered
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for quantifying the related uncertainty is + 1.0 K. The cal-
culation of the potential error related to the non-uniformity
was done in the same way as for the non-stability of the
hemisphere temperature by using Eq. (5) but considering that
AThem is the non-uniformity of the hemisphere temperature.
Eventually, Eq. (7) gives the standard uncertainty on the mea-
sured emissivity related to the non-uniformity.

Uynif hem temp = 0.0085 — 0.0085&measured

(7

This quantification of the uncertainty due to the non-
uniformity of the hemisphere temperature is quite rough. In-
deed, a detailed directional modeling of the multi-reflections
between the sample surface and the hemisphere would be
more representative of the reality. However, this modeling
would require the BRDF (bidirectional reflectance distribu-
tion function) of the sample surface and of the hemisphere,
and no reliable data are available for those BDRDFs. This
paper focuses on the measurements of total near-normal
emissivity of very reflective foils. It is then assumed that
the potential problem with the hemisphere temperature non-
uniformity is the fact that when the sample is tested, the area
of the hemisphere “seen” by the radiometric detection sys-
tem through the reflection on the sample is slightly differ-
ent from the one seen when the low-emissivity standard (a
mirror) is used. The hemisphere temperature non-uniformity
around the area seen by the detector when a mirror is tested
seems appropriate for quantifying the uncertainty when test-
ing very reflective but not perfectly specular materials.

J. Sens. Sens. Syst., 10, 135-152, 2021
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4.2.3 Uncertainty due to the response non-linearity as a
function of reflectance of the sample

A non-linear response is generated by the multi-reflections in
the cavity formed by the hemisphere and the sample surface
and by the potential non-linearity of the radiometric response
of the infrared detector.

The TIR100-2 is calibrated with two reference samples,
one with high emissivity and the other one with low emissiv-
ity. The emissivity of the hemisphere is below one, so multi-
reflections always occur in the cavity, and an error on the
measured emissivity is generated by those multi-reflections
when the sample has an emissivity different from the emis-
sivity of one of the two standards.

A radiosity model (Siegel and Howell, 1972) was used to
calculate the radiosity of the sample placed in front of the
hemisphere, and then the error on the measured emissivity
was calculated. The radiosity modeling allows the global cal-
culation of multi-reflections assuming that the surfaces are
Lambertian (they emit and reflect radiation in a perfectly dif-
fuse manner) and are perfectly grey (radiative properties con-
stant as a function of wavelength).

The error on the measured emissivity was calculated us-
ing the radiosity technique, considering that the instrument
is calibrated at the two emissivity levels 0.01 and 0.97; the
results are shown graphically in Fig. 11. The error is well
approximated by Eq. (8).

Emeas — Esample = — 0'048255812116215 4 0.047211emeas

—0.000421 ®)

The quantification of the error due to multi-reflections is
based on the quite rough radiosity model. Therefore, no cor-
rection is done for multi-reflections on the measurement re-
sult, and Eq. (9) gives the standard uncertainty due to multi-
reflections.

|€meas — gsamplel
Umulti-ref = f

=] —0.0241275¢>

meas

4 0.023606&meas — 0.00021 |
®

Assuming that the hemisphere emissivity is one, that the
low-emissivity standard has a reflectance of one and that the
high-emissivity standard has an emissivity of one, the re-
flectance of the sample is given at a first-order approximation
by Eq. (10).

Vsamp —Vu
Vw—Vu

The relative expanded uncertainty on the ratio of signals

being 0.003, the standard uncertainty related to the linearity

of response of the radiometric detection system is given by
Eq. (11), for emissivities below 0.2.

(11— 8samp]e) = (10)

0.003 Y= ¥
— = 0.0015(1 — &gample) (11)

Ulinearity =
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4.2.4 Uncertainty due to the spectral response of the
instrument and due to the hemisphere
temperature

The total near-normal emissivity measured on the reflective
foils should be the one given by Eq. (12), which is the usual
definition of the total near-normal emissivity (Siegel and
Howell, 1972).

f()oogk : lo(Tsamp,A) -dA
fooolo(Tsamp,A) -dA

12)

Esamp =

For calculations of the thermal resistances of building en-
velopes, the total emissivities of reflective foils must be cal-
culated using a temperature Tsamp around room temperature.

The “total near-normal emissivity” measured by the
TIR100-2 emissometer is influenced by the temperature of
the radiation source (the hemisphere) and by the spectral
sensitivity of the radiometric detection system. The error
on the measured total near-normal emissivity was calcu-
lated by modeling the three signals needed for a measure-
ment (low-emissivity standard signal, high-emissivity stan-
dard signal and sample signal) taking into account the actual
relative spectral sensitivity and the temperature of the radia-
tion source.

Signal modeling

The signal measured on the low-emissivity standard is given
by Eq. (13).

50 um o
VN = / SenSTIR()\-) . {l (Thema )")
3um

—en [lo(Them, 3) = 1" (Tsamp. A)“ Lda, (13)

where [”(T, 1) is the spectral radiance of a blackbody at the
temperature 7 for the wavelength A, senstr(}) is the rela-
tive spectral sensitivity of the radiometric detection system,
Them is the hemisphere temperature, Tyump is the temperature
of the sample or of the standard when calibrating and ey is
the total near-normal emissivity of the low-emissivity cali-
brated standard.

Equation (14) gives the signal measured on the high-
emissivity standard.

50 um o
Vi =/ sensTr(A) - {l (Them, 1)
3

pum

—en [1°(Them, 3) =1 (Tamp. ,\)“ Lda, (14)

where ey is the total near-normal emissivity of the high-
emissivity calibrated standard.
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Figure 11. Error on the measured total near-normal emissivity due to multi-reflections between the sample surface and the hemisphere.

The signal measured on the tested sample is given by
Eq. (15).

50 um .
Vsamp = / sensTir(4) - {l (Them, A)
3

pm

i |1 (Thems 2 =1 (Tamp 0]} - a2, (1)

where ¢, is the spectral near-normal emissivity of the sample.

Equation (16) gives the error on the total near-normal
emissivity measured by the TIR100-2 instrument due to the
spectral sensitivity and due to the specific conditions of mea-
surement (hemisphere temperature).

VH — Vsam
samp
Errorconditions = | éH + (6H — eN)————
W—Vu
50 um

_ J3um &x -1 (Tsamp, A) - dA (16)

50 °
fg mlnlml (Tsamp7 )V) -da

The spectral range for the definition of the total near-
normal emissivity (Eq. 12) and for the calculations of sig-
nals (Egs. 14-16) was limited from 3 to 50 um. This spectral
range is appropriate, because for a grey body (a body with
constant spectral emissivity), 98.2 % and 96.7 % of the total
radiation are emitted in that spectral range when the body
is at 100 and 20 °C, respectively. Furthermore, the spectral
sensitivity of the emissometer is zero for wavelengths above
44 um (Fig. 9).

The numerical calculation of the error requires knowl-
edge of the sample spectral near-normal emissivity. In the
EMIRIM project, three smooth reflective and two very non-
smooth foils were tested. ZAE measured, with an integrating
sphere (Manara et al., 2009), the spectral near-normal emis-
sivities of three smooth foils in the spectral range 2 to 35 um,
and the PTB measured the spectral near-normal emissivities
of the two very non-smooth foils in the spectral range 5 to
20 um using the EMAF setup (Monte and Hollandt, 2010).
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The results are given graphically in Fig. 12. For applica-
tion of Egs. (12)—(15), spectral data are required from 3 to
50 um for the sample spectral emissivity. Spectral domains
of measurement being limited to 35 um for ZAE and from
5 to 20 um for the PTB, the spectral near-normal emissivi-
ties of the foils were extrapolated out of the spectral mea-
surement domains assuming that the spectral emissivity is
constant or varies linearly as a function of wavelength. The
spectral emissivity curves are shown in Fig. 12; the extrap-
olated data can be identified by the non-noisy and straight
portions of the curves. The extrapolations of spectral emis-
sivities out of the measurement spectral domains are quite
arbitrary, but it must be taken into account that these curves
are only used to quantify a specific error of measurement and
not to produce a result.

The errors on the measured total near-normal emissivities
were calculated using the model above for the five tested
foils and for the gold mirror coating used for calibration of
TIR100-2 emissometers in the EMIRIM project. The cal-
culation was done also for the very angular diffusing low-
emissivity Infragold® coating from Labsphere Inc. (USA).
The calculated errors are given in Table 1. From those results,
the standard uncertainties retained for the specific spectral
conditions of measurement are 0.003 and 0.005, respectively,
for low-emissivity bare metal surfaces and for polyethylene
metalized foils with a thin polyethylene over-coating on the
metal reflective layer. We notice that, for the low-emissivity
tested materials, the total near-normal emissivity measured
with the TIR100-2 emissometer is systematically higher than
the total near-normal emissivity defined by Eq. (12). This is
due to the temperature of the hemisphere, which is higher
than the temperature for which the total emissivity of the
sample is calculated using Eq. (12). This gives more weight
to short wavelengths for which the spectral emissivities of
the samples are higher (Fig. 12).
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Figure 12. Spectral near-normal emissivity curves of the tested reflective foils and solid materials.

Table 1. Error on the measured total near-normal emissivity due to the spectral radiometric response and due to the conditions of measure-

ment with the TIR100-2 instrument (hemisphere temperature = 100 °C).

Material Total near-normal emissivity  Total near-normal emissivity measured with Error
calculated using Eq. (12) the TIR100-2 (calculated using Eq. 1)
Foil PE 80 um “copper” 0.078 0.087  0.0096
Foil PE 80 um “colorless” 0.035 0.041  0.0062
Bare aluminum foil 30 ym 0.025 0.026  0.0005
Mesh-reinforced foil, Al color 0.136 0.137  0.0008
Mesh-reinforced foil, Au color 0.038 0.039 0.0013
Infragold® 0.030 0.031  0.0008
Gold mirror 0.024 0.024  0.0003

4.2.,5 Uncertainty due to the angular diffusion of the
sample

A difference between the angular diffusion of the tested ma-
terial and the angular diffusion of the low-emissivity standard
(a mirror) is almost systematic when testing low-emissivity
foils. It generates an error on the measured reflectance be-
cause the area of the heating hemisphere “viewed” by the
radiometric system, through the reflection on the sample, is
different. Moreover, the multi-reflections inside the cavity
are different and dependent on the specularity of the sam-
ple. However, an uncertainty is already considered for the
non-uniformity in temperature of the radiating hemisphere,
and another uncertainty is considered for multi-reflections
between the sample and the hemisphere. So, no uncertainty
is considered specifically for the sensitivity to the angular
diffusion of reflection of the sample.
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4.2.6 Uncertainty due to the uncertainties on the total
near-normal emissivities of the calibrated
standards

Equation (1) gives the total near-normal emissivity of the
sample. The standard uncertainty on the measured emissivity
due to the uncertainties on the values of the total near-normal
emissivities of the standards is given by Eq. (17):

Ucal stand =
Vi1 = Vsamp 2u2(8 e (14 Y Vo 2“2(’3 ), A7)
VN —Vu N VN— Vi "

where u(en) is the standard uncertainty on the emissivity of
the low-emissivity standard and u(ey) is the standard uncer-
tainty on the emissivity of the high-emissivity standard.

A low-emissivity standard of mirror type can be calibrated
in total near-normal emissivity, by a national metrology in-
stitute, with a standard uncertainty of 0.011, and a high-
emissivity standard, such as a metal plate coated with the
high-emissivity Nextel 811-21, can be calibrated with a stan-
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Table 2. Standard uncertainty on the measured total near-normal emissivity due to uncertainties on the temperatures of the sample being

tested or of the standards used for calibration.

Sample Standard uncertainty due to Standard uncertainty due to Standard uncertainty due to Combined standard uncertainty
nominal uncertainty on the temperature ~ uncertainty on the temperature  uncertainty on the temperature  related to the temperatures of
emissivity  of the sample being tested of the high-emissivity standard  of the low-emissivity standard the sample and standards

0.005 0 0.0000 0.0001 0.0001
0.01 0.0003 0.0000 0.0001 0.0003
0.02 0.0006 0.0001 0.0001 0.0006
0.03 0.0009 0.0002 0.0001 0.0009
0.05 0.0015 0.0004 0.0001 0.0016
0.075 0.0021 0.0006 0.0001 0.0022
0.1 0.0027 0.0009 0.0001 0.0028
0.2 0.0057 0.0018 0.0001 0.0060
0.3 0.0084 0.0027 0.0001 0.0088
0.4 0.0111 0.0036 0.0001 0.0117
0.5 0.0138 0.0046 0.0000 0.0145
0.75 0.0203 0.0069 0.0000 0.0214
0.9 0.0243 0.0081 0.0000 0.0256
1.00 0.0267 0.0090 0.0000 0.0282

Table 3. Results of repeatability measurements with TIR100-2 by partners in the EMIRIM project; the dispersion was calculated as the

maximum value minus minimum value.

Sample Partner A ‘ Partner B ‘ Partner C ‘ Partner D ‘ Mean
. . . . . . . . dispersion
Mean  Dispersion ‘ Mean  Dispersion ‘ Mean Dispersion ‘ Mean Dispersion ‘

Infragold® 0.03 0.040 0.005 | 0.046 0.006 | 0.049 0.002 | 0.0043
Gold mirror 0.002 0.002 0.003 | 0.006 0.001 | 0.004 0.002 | 0.0020
Nextel 811-21 0.928 0.911 0.009 | 0.932 0.004 | 0.928 0.009 | 0.0073
Aremco (black paint) 0.889 0.873 0.012 | 0.934 0.002 | 0.876 0.005 | 0.0063
Bare Al foil 0.011 0.005 | 0.011 0.005 | 0.016 0.003 | 0.008 0.004 | 0.0040
Foil PE 80 um “copper” 0.049 0.005 | 0.055 0.006 | 0.063 0.008 | 0.058 0.004 | 0.0060
Mesh-reinforced foil, Al color  0.115 0.010 | 0.082 0.005 | 0.103 0.005 | 0.104 0.016 | 0.0087

dard uncertainty below 0.01 (Hanssen, 2001; Monte and Hol-
landt, 2010; Scoarnec et al., 2014).

4.2.7 Uncertainty due to non-constancy of the spectral
near-normal emissivities of the standards

If the standards have a non-constant near-normal emissiv-
ity, then the sensitivity of the emissometer coming from the
calibration is biased due to the fact that the standards give
more relative importance to certain wavelengths for the sig-
nals measured during calibration. The effects of spectral vari-
ations of the spectral near-normal emissivities of the stan-
dards on the total near-normal emissivity measured on low-
emissivity foils were quantified. Mean spectral linear vari-
ations were successively imposed on the spectral emissivi-
ties of the two standards; the signals measured were calcu-
lated using Eqgs. (13)—(15), and the total near-normal emis-
sivities of the tested foil and of the standards were calcu-
lated using Eq. (12). The error on the measured emissiv-
ity was calculated using Eq. (16). The low-emissivity stan-
dards considered for the quantification were a gold mirror
and the Nextel black paint. For the two types of standards,
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the mean slopes of the spectral emissivity curves obtained by
spectral measurement (Fig. 12) are below 10~%um~! over
the spectral range 2 to 35 um. The results showed that, for a
low-emissivity foil sample, the error on the measured total
near-normal emissivity varies linearly with the mean slopes
imposed on the spectral emissivity curves of the standards.
When the mean slope is 0.00052 um ™" for the low-emissivity
standard, then the error on the measured total near-normal
emissivity of the tested foil is 0.0021. The error on the mea-
sured total near-normal emissivity of the tested foil is below
2 x 10~ when the mean slope is 0.00052 um~! for the spec-
tral emissivity curve of the high-emissivity standard. Those
results show that the selection of the standards regarding a
mean trend for the spectral variations of spectral emissivity
is not critical. A mean slope of 0.00052um™" corresponds
to a variation of 0.025 for the spectral emissivity from 2
to 50 um. For the low-emissivity standard, protected metal
mirrors are appropriate. For measurements of emissivity on
low-emissivity foils, the spectral curve of the high-emissivity
standard is less important. A high-emissivity standard with a
spectral emissivity curve having a mean slope of 0.003 um~!
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Table 4. Total normal emissivity results obtained on 30 samples of each foil for uniformity tests.

Foil Total near-normal emissivity

Mean value  Standard deviation  Dispersion (max—min)
Bare Al foil (front side) 0.013 0.0022 0.007
Bare Al foil back side) 0.015 0.004 0.014
Foil PE 80 um “copper” 0.053 0.004 0.013
Foil PE 80 um “colorless” 0.035 0.005 0.018
Mesh-reinforced foil “Al color” 0.084 0.011 0.049

s

s gV

Figure 13. Photos of the five tested reflective foils for validation of total near-normal emissivity measurements with the TIR100-2 emis-
someter. From left to right: bare aluminum foil, metalized polyethylene foil “Foil PE 80 pm — colorless”, metalized polyethylene foil “Foil
PE 80 um — copper”, metalized polyethylene foil reinforced by a mesh “Mesh-reinforced foil — Gold color” and metalized polyethylene foil

reinforced by a mesh “Mesh-reinforced foil — Al color”.

generates an error on the measured emissivity below 1074
for a low-emissivity foil.

The standard uncertainty considered for the non-constancy
of the spectral emissivities of the standards is 0.001.

4.2.8 Uncertainty due to the temperatures of the
working references and due to the temperature of
the sample being tested

The variations of measured emissivity due to variations of
temperatures of the sample being tested or due to variations
of reference sample temperatures were calculated using the
radiosity modeling. Table 2 gives the standard uncertainty on
the measured emissivity due to a standard uncertainty of 3 K
on the sample temperature and of 1 K on the temperatures of
each standard.

For measurements on low-emissivity samples (¢ <0.1),
the sample temperature is not critical. The standard uncer-
tainty remains below 0.0015.

4.2.9 Repeatability of measurements

In the EMIRIM project, four partners repeated measurements
with a TIR100-2 instrument on different materials; the results
are given in Table 3.

From the repeatability test results, the standard uncer-
tainties retained for repeatability are 0.0015, 0.002, 0.003
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and 0.005, respectively, for low-emissivity flat mirrors, bare
metal foils, low-emissivity polyethylene foils and very non-
flat “low-emissivity” polyethylene foils. Those uncertainties
integrate some non-uniformity of the tested materials.

4.2.10 Uncertainty due to the non-homogeneity in
emissivity of the material

This uncertainty is specific to the tested material. To obtain a
representative value of the emissivity of a reflective foil, sev-
eral measurements must be performed in different locations
of the materials. A partner in the EMIRIM project performed
total normal emissivity measurements, using a TIR100-2 in-
strument, on 30 different samples of four foils. The results
are given in Table 4 and show that for smooth foils the dis-
persions of results are a bit higher than the ones obtained
in repeatability tests. For a smooth reflective foil made of a
metal-coated polymer foil, the increase in dispersion is about
0.007, which is quite low. For the bare aluminum foil, the
increase in dispersion is about 0.003, which is also low. For
the tested “mesh-reinforced foil”, the dispersion of results is
very large; this is due to the high non-uniform structure of
the foil (Fig. 13).
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Figure 14. Comparison of total near-normal emissivity results from four TIR100-2 emissometers to results from EMAF at the PTB, for five

reflective foils.
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Figure 15. Comparison of total near-normal emissivity results from four TIR100-2 emissometers to results from EMAF at the PTB,

(a) Infrag01d® coating, and (b) Nextel 811-21 black paint.

4.3 Combined standard uncertainty for reflective foils

From the standard uncertainties quantified for each source of

uncertainty, the combined standard uncertainty was quanti-
fied for the measurement of the total near-normal emissivity
of the reflective foils with a TIR100-2 emissometer.

For smooth low-emissivity foils, the main uncertainty
source is the calibration in total near-normal emissivity of the
standards used for calibration. In fact, the uncertainty on the
emissivity value of the low-emissivity standard is the main
source of uncertainty.
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For foils with very rough surfaces, the dispersion of indi-
vidual results is a main source of uncertainty on individual
results. However, it remains possible, and it is highly recom-
mended to determine a mean emissivity value with a lower
uncertainty by repeating several measurements.
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Table 5. Uncertainty budget for measurement of total near-normal emissivity on reflective foils with the TIR100-2 emissometer.

Uncertainty source

Standard uncertainty on measured total hemispherical emissivity (¢ < 0.1)

Foil of a very reflective
bare metal surface

Mesh-reinforced foil
Emeas = 0.14

Low-emissivity smooth polyethylene
metalized foil with a thin polyethylene

Emeas = 0.023 layer on the metal coating
Emeas = 0.038

Non-stability of the radiating 0.0025 0.0025 0.0023
hemisphere temperature
Non-uniformity of the temperature 0.0083 0.0082 0.0073
of the radiating hemisphere
Multi-reflections between the sample 0.0003 0.0007 0.0026
and the hemisphere
Radiometric response linearity 0.0015 0.0015 0.0013
Non-flat spectral response 0.0003 0.0031 0.0017
Uncertainty on total near-normal 0.011 0.011 0.011
emissivity of the reference sample
Non-constancy of spectral 0.001 0.001 0.001
emissivities of standards
Variation of the sample 0.0016 0.0028 0.0060
temperature (6 K)
Repeatability 0.002 0.003 0.005
Non-uniformity in emissivity 0.0022 0.005 0.022
Expanded uncertainty (k = 2) 0.029 0.032 0.056

5 Validation of results and uncertainties

5.1 Comparison of TIR100-2 to the EMAF reference
technique at the PTB

In the EMIRIM project, four partners have performed mea-
surements on five reflective foils, three smooth foils and two
“mesh-reinforced” foils. Pictures of the tested foils are given
in Fig. 13. Measurements were also performed on the very
diffusing low-emissivity Infragold® coating and on the Nex-
tel 811-21 high-emissivity black paint on a flat surface. The
results for Infragold® and Nextel paint are given in Fig. 15.

For those measurements, the TIR100-2 emissometers were
calibrated with gold mirrors and Nextel 811-21 paint cali-
brated in total near-normal emissivity at the PTB using the
primary reference spectroradiometric technique EMAF. The
results are compared in Fig. 14 to the results from the EMAF
setup at the PTB. The expanded uncertainties represented in
Fig. 14 for results from TIR100-2 devices are the uncertain-
ties given in Table 5.

5.2 Analysis of results

The results obtained with the four tested TIR100-2 instru-
ments are grouped with dispersions less than 0.01, 0.025,
0.01 and 0.015, for the bare aluminum foil, for the smooth
and non-smooth reflective foils, for Infragold® and for Nex-
tel 811-21 paint, respectively. The results from TIR100-2 de-
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vices are remarkably grouped for the heavily non-smooth
foils.

The differences between the results from TIR100-2 and
those from the primary measurement setup EMAF at the
PTB are below 0.014 for Infragold® coating, showing that
TIR100-2 emissometers are not very sensitive to the angular
diffusion of the radiation reflected by the sample.

The correct grouping of the results for the smooth reflec-
tive foils and the good accordance between the results from
TIR100-2 emissometers and those from EMAF confirm that
a calibration with a specular surface is appropriate for mea-
suring total near-normal emissivity of low-emissivity smooth
foils. The comparison to the reference results from the PTB
confirms also the validity of the expanded uncertainty of 0.03
for measurement of total near-normal emissivity of smooth
reflective foils.

For one of the heavily non-smooth foils, the results from
TIR100-2 devices are far from those obtained with the
EMAF setup, with differences above 0.04. For the second
heavily non-smooth foil, the results are in good agreement
with EMAF results. The reasons for the non-accordance of
results for one of the non-smooth foils are not known. More
experiments should be done to analyze the performance
of TIR100-2 emissometers for emissivity measurements on
non-smooth low-emissivity surfaces.
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6 Conclusions

For the first time, the TIR100-2 emissometer was charac-
terized in detail in terms of metrological performance for
the measurement of total near-normal emissivity of low-
emissivity foils found as external surfaces of some thermal
insulation products. Each parameter important for the appli-
cation of the measurement model implemented in the device
was analyzed, and an uncertainty budget was established.
The comparison to a primary reference measurement setup,
for several types of low-emissivity foils with different surface
structures, confirmed the trueness of measurements and val-
idated the assessed expanded uncertainty for measurements
on smooth reflective foils. For those foils, the expanded un-
certainty is around 0.03, and the main source of uncertainty is
the uncertainty on the emissivity value of the low-emissivity
standard used for calibration.

For the heavily non-smooth reflective foils tested, the re-
sult from the TIR100-2 emissometer was significantly differ-
ent from the result from the reference setup. At this stage,
giving a conclusion about the performance of TIR100-2
emissometers for measuring accurately the total near-normal
emissivity of reflective foils with very structured surfaces is
difficult. More measurements on diverse structured foils are
required to draw conclusions about the performance for such
foils.

To facilitate the comparisons of the emissivity measure-
ment techniques for heavily structured surfaces, it would be
useful to have samples of solid materials with structured sur-
faces. Such samples would allow performance of measure-
ments on the same objects. This would facilitate the analy-
sis of the results by eliminating potential dispersion between
samples and avoid the modification of the morphology of sur-
faces, as may be the case for most reference techniques when
the sample of foil must be maintained in contact with a flat
surface such as a heating system.
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