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NOMENCLATURE

d Distance from camera to target, m

Eaw  Black body emission
E+  Real body emission

Kam Damping scale factor of the radiometric signal
S Total signal arriving on camera, Wm™

Sob  Surface emission, Wm?

Ser Reflected signal, Wm

Sam  Atmospheric emission, Wm?
T Temperature, K

Tamb Ambient temperature, K

Te,  Object temperature, K

Twr  Reflected temperature, K

ABSTRACT

Thermographers often use comparative methods to estimate surface
emissivity. Among the most used is the tape method. In this method a known
emissivity tape in the LWIR (Long Wavelength Infrared) spectrum is placed
on the surface to be inspected. After thermal equilibrium, the temperature of
the tape and the surface under inspection must be the same. In this case, the
temperature observed on the tape is the reference temperature. The emissivity
of the surface must then be changed until the reference temperature is
reached. It is common practice to admit the value of the emissivity of the
adhesive tape as 0.95, there are few studies that present these data with
metrological rigor, which leads to doubts about the emissivity of the
commercial tapes. In this work, experiments were performed on Tekbond,
Double A, 3M 101, Rapix, Altape, adhesive tapes for temperatures of 50, 55,
60, 65 and 70°C. An experimental apparatus was developed through which it
was possible to estimate surface reflection, transmission and atmospheric
emission for one and two layers of tapes, in order to make emissivity
measurements possible. Through the data it was possible to statistically
estimate the LWIR average total hemispheric emissivity as well as the
acceptance range to 95% certainty, being therefore equal to £=0.94+0.03. It
is possible to arm, therefore, that the value of 0.95, usually used as emissivity
of the adhesive tape, is extremely reasonable because it is 0.01 of the average
value of the Gaussian distribution calculated by this work.
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Greek symbols

Azimuth angle

Emissivity

Transmissivity

Wavelenght, pm

Zenith angle

Absorptivity

Reflectivity

Relative humidity of the air
Stefan-Boltzmann constant, Wm2K*

A eV R T>Aa ;M

Subscripts

atm  atmosphere/atmospheric
ob object
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INTRODUCTION

In 1800, William Herschel (1800) discovered
that the spectrum of sunlight has energy at
wavelengths in the infrared range. In 1840, J. F. W.
Herschel, son of William Herschel, was able to
transcribe on paper an image representative of such
wavelengths, originating thermography.

Since its discovery, thermography has been used
in the most diverse branches of science. Studies have
used thermographic analysis in medical applications
(Figueiredo et al., 2018; Barnes, 1963; Tavares et al.,
2018; Sousa et al., 2017; Ng, 2009), as a non-
destructive test tool (Usamentiaga et. al., 2014;
Lizaranzu et al., 2015; Garnier et al., 2011; Almond et
al,, 2017; Meola et al., 2016; Titman, 2001), in
military applications (Zalewski et al. 2017; Neves et
al., 2018; Milewski, 2009; Tang et al., 2018), among
others.

The thermographic measurement is dependent on
parameters such as the distance of the object to be
measured from the camera, the signal coming from
reflection, the signal coming from atmospheric
emission and mainly the value of the object surface
emissivity (g) to quantify the radiation emitted by the
object due to its non-zero temperature.

There are different methods to measure the
emissivity of a given surface: Calorimetric method,
Optical reflectivity method, Multi-spectral radiation
thermometry method and Energy radiation method
(He et al., 2009).

There are also authors who divide into only two
large groups, radiometric methods and calorimetric
methods, without a clear division line between them
(Kralik, 2016). Radiometric methods measure emitted
and/or reflected electromagnetic radiation through a
non-contact bolometer sensor, whereas calorimetric
methods measure the heat transfer of the object
measured when placed inside a cavity in which the
exchange of heat by radiation is dominant.

Traditional ways of determining emissivity with
the radiometric method include comparing the
measurement with a reference temperature, such as
that of a blackbody in thermal equilibrium with the
surface to be measured (Huilong, 2010) or by
simultaneously measuring the surface temperature
with a calibrated thermographic camera and high-
precision contact temperature sensors, adjusting the
emissivity on the thermocouple until the thermocouple
reading coincides with that of the thermocouples
(Orlando et al., 2009).

A common application of the radiometric method
is to cover part of the object surface with an adhesive
tape, an adhesive plastic, an ink or other material with
high and known emissivity, to determine its
emissivity. Adhesive tapes are preferably used for this
purpose, by adding small thermal inertia to the
assembly, low cost and simplicity. With the use of a
calibrated thermographic camera, the surface
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temperature is measured with the cover in thermal
equilibrium and without the cover. The emissivity of
the surface without the cover is then calculated so that
the two measurements are equal (Silva, 2010).

Technical equipment manuals (CEMIG, 2010;
Flir, 2015) recommend the tape emissivity to be
assumed as equal to 0.95. Such value is independent
of color, since the analysis is done in the LWIR (Long
Wavelength Infrared). Therefore, it is common to
assume the emissivity of the tape as this value.
However, there are few studies in the literature that
prove by statistical approach this value, as well as a
comparison between the different brands of adhesive
tapes available in the market.

In order to generate more confidence to the
thermographers that use the emissivity of the tape
equal to 0.95, this work performs experiments to
measure the emissivity of tapes of the brands Tekbond,
Doble A, 3M 101, Rapifix and Altape, varying the
temperature between 50 and 70°C at intervals of 5°C.
The samples of the different manufacturers in the
different temperature ranges are measured
simultaneously by the thermographic camera and
contact temperature sensors, applying the radiometric
method in an apparatus assembled exclusively for the
experiments.

In the methodology section, is presented the
theoretical formulation regarding the operation of
thermal camera and the equations used in its operation,
as well as the experimental apparatus constructed to
provide the necessary data. In the results and
conclusion section are presented the measured data as
well as the statistical analysis performed, with an
acceptance band, the total hemispheric emissivity for
a set of adhesive tapes as well as the consideration
about its habitual use as 0.95.

METHODOLOGY
S = Sob + Sreﬂ + Satm (1)

If the measurand is not a blackbody, unitary
emissivity, the signal (S) received by the camera is the
sum of the signal from the surface emission (Sop), the
atmospheric emission (Sam) and the reflection signal
(Sren) as presented in Eq. (1). Figure 1 shows
simplified emission, transmission and reflection
signals.

According to Chrzanowski (2010), the operation
of the camera can be understood in 5 steps: (1) The
camera is positioned in relation to the object to be
measured; (2) The radiation from the object is
refracted through the lens until it reaches internal
thermal sensors; (3) the sensors convert thermal
energy into a digital signal in a field of 12 — 16 binary
digits; (4) Processors relate the binary signal with
radiation values; (5) Radiation values are converted
into temperature scale values as a function of the pixel
intensity in an 8-bit image. Figure 2 schematically
shows the measurement components used to model the
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reading made by the camera (Minkina and Klecha,
2016).

Suim = €S, n T

atm - atm ~amb (1_1: )G amb (2)

atm

The portion emitted by the atmosphere, in
general, has the least influence on the measurement.
Considering that the atmosphere emits diffusely, with
directional spectral distribution equivalent to a black
body at the same temperature, one can calculate that
the radiometric signal emitted by the environment is of
the form presented in Eq. (2) in which Sum is the
radiometric signal emitted by the atmosphere, €am is
the atmospheric emissivity, ¢ is Stefan-Boltzmann
constant equal to 5.67-10%Wm2K*, Tum is the
ambient temperature in K and Tam is the atmospheric
transmissivity.

Apparent
Tempeorature

€=1.0
(a) Signal received by thermal camera with unitary
emissivity

% emission
% transmission

% reflection

£<1.0

(b) Signal received by thermal camera with
emissivity less than one

Figure 1. Influence of emissivity on radiometric
signal captured and interpreted by thermal camera
(Flir, 2015).

E N T.-.
€5,(T,) et5,(T,) 5
aos) | T | gosu) ST T
8.l
5.(T.)

Taq

Dessauane, et al. Numerical Modeling of the Endothermic...

Figure 2. Signal composition received by the
Thermocouple (Minkina and Klecha, 2016).

a+p+t=1 (3)

The portion equivalent to the reflected signal
consists of the reflection of the radiation coming from
the bodies that surround the object being inspected. To
quantify it, it is first necessary to characterize the
optical properties of the surface. Incropera et. al (2014)
define that for any surface, the relation present in Eq.
(3) must always be respected.

p=l-¢ (4)

In which a is the absorptivity, p is the reflectivity
and t is the transmissivity. Considering a gray (o=¢)
and opaque (1= 0) surface, it is possible to rearrange
Eq. (3) to determine the reflectivity p as present in Eq.

4.

S pobratm ref (1 Sob )Tatm ref (5)

In this way, the reflected radiometric signal S;er
in Wm can be calculated by Eq. (6).

Tob — S — Sref — Satm (6)
Sob‘c (o)

atm

The portion coming from the object, Sob (see Eq.
(3)), is determined by the difference between the total
signal S and the reflected signal Si.rand atmospheric
Saim. Thus, the temperature of the object is defined as
a value that satisfies the relation presented in Eq. (6).

e*\/g[al +5 \/W] +

) ‘/E[%*ﬂz (’)(w%’Tamh)}

atm

(1 Katm
o,e(h+hT, , +hT., +hT’

z-(a)“/n > " amb> d) =

(7

Cl)( » mnb): amizOO amb amb (8)
In Eq. (6), the share of atmospheric

transmissivity Tam in the LWIR infrared region (8 a 14
pm) is mainly dependent on the relative humidity e,
and the ambient temperature Tum, and not on the
wavelength A (Minkina and Klecha, 2016; Minkina
and Klecha, 2015; Baigorria et al., 2004; Singh et al.,
2011; Liu et al., 2013). Minkina and Klecha (2015)
define the transmissivity Tam in the LWIR region as
presented in Eq. (6) in which Kym = 1.9 is a damping
scale factor of the radiometric signal, d is the distance,
in m, between the thermal imager and the target. The
constants o, o, B1 and B, are 0.0066, 0.0023, 0.0126
and 0.0067, respectively. Besides that, we, is the
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relative humidity and the constants h;= 1.5587, h,=
6.939-102, h; =-2.7816° 10 and h4= 6.8455-10"".

It is worth mentioning that under calibration
conditions, in which the distance between the imager
and the target is reasonably small, atmospheric
transmissivity Tam approaches the unit. However, for
field inspection conditions, at higher distances it is
necessary to take into account atmospheric
attenuation, defined as 1-Tym.

In order to calculate the radiometric signal
coming from the atmosphere as well as radiometric
signal from the reflection, an experimental apparatus
was created, represented in Fig. 3.

(a) Representation of the experimental apparatus
built.

(b) Exploded view of the experimental apparatus
constructed, in which it is possible to visualize the
components used.

Figure 3. Experimental apparatus constructed.

A closed carbon steel housing was built with a
front opening, in which a thermographic window with
the dimensions of the lens used in the thermal camera
was installed. In addition, the box was painted with
black matte paint to mitigate the reflection effects
inside. At the back, a copper plate was fixed by means
of 14 M8x40 bolts, thus ensuring the seal. Two pellets
of effect Peltier Danvic HTC62-30-15.4 (Danvic)
were fixed to this copper plate with thermal epoxy
resin, to promote the necessary heating to the
measurements.

In front of the copper plate, was installed an RTD
surface thermistor (£0.5°C) (Omega, 2009), on which
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the tape to be measured was fixed. The previously
calibrated RTD was connected to an Agilent 34970A
data acquisition system (Agilent, 2001) (Fig. 4). A
schematic drawing of this mounting is presented in
Fig. 5. The heating control of Peltier pellets was done
by means of PWM modulation, controlled by a
LabView interface and an H Bridge Motor 30A
VNH3SP30 (Microeletronics, 2013).

Figure 4. Experimental apparatus built.

Masking tape Surface mount

/ﬁ)
Copper p]atx;
Peltier

modules

Figure 5. Detail of mounting of pellets, RTD and tape
to be studied.

For the determination of the reflected
temperature, four T-type thermocouples (£1°C) were
installed on the inner walls of the steel case. The
reflected temperature was then obtained from the
arithmetic average of the measurements. In addition, a
similar thermocouple was positioned inside the
housing in order to obtain the ambient temperature.
The temperature measurement by thermography was
done with a FLIR SC660 thermal camera (Flir, 2010).
The uncertainties associated with each measuring
element, the measuring mode and the instruments are
listed in Tab. 1.

cn

Observing Egs. (5) and (6), the importance of
correctly quantifying the emissivity of the object (&),
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a parameter of prominence, that directly influences
the result obtained by thermographic inspection.
Conceptually, the emissivity is defined as the ratio
between the amount of energy that a real body emits

Dessauane, et al. Numerical Modeling of the Endothermic...

in the form of radiation at a given temperature (E.) by
the amount of radiation that a black body would emit
at the same temperature (Ec,), as presented in Eq. (9)
(Incropera et al., 2014).

Table 1. Uncertainties of measurement equipment.

Measured Parameter Measurement Procedure Measurement Elements Uncertainty
Reflected Temperature Mean of Internal Wall Temperatures T-Type Thermocouples (£1°0)
Temperature Temperature Measured in Air Inside the Box T-Type Thermocouples (£1°0)
. . g Ambient Air Relative Humidity
Relative Air Humidity M Thermohygrometer 3% range
easurement
Object Distance Manual Measurement with Caliper Caliper 0.0025
Copper Surface Temperature Temperature Measurement Resistance Thermal Resistance (RTD) (£0.5°C)
Adhesive Tape Temperature Measurement with Thermal camera Flir SC660 (x1°C)

[, 00, TIE, (M

(10)
£(0,9,T) ==

oT*

As arule, emissivity is a surface property that has
directional and spectral characteristics. Therefore, the
directional emissivity for the LWIR band can be
obtained by integrating the values along the entire
length of the analyzed infrared, as indicated in Eq. (10)
(Howell, 2015).

Considering the surface of the ribbon as di
use, the directional emissivity will be equal to
hemispherical emissivity, € (0, ¢, T) = &(T), the latter
being a function of the surface temperature.

The directional emissivity value for LWIR ¢ (0,
¢, T) is used in the thermal camera to determine the
portions reflected and emitted by the object, and
therefore small changes in its value can incur
considerable measurement errors. For example, if the
emissivity value is reported as unitary, the camera will
understand that all radiation incident on the sensors is
the result of surface emission (Fig. 1(a)) and because
of this will give a wrong value for the measured
temperature. In this sense, when using the tape test to
analyze surface emissivity with thermal cameras, it is
necessary that the value commonly used (0.95) is in
agreement with the average value presented by the
tapes available in the market.

The study used tapes from five different suppliers
in order to obtain a representative average result. All
measurements were performed in an environment with
controlled air temperature and relative humidity and
with the use of one and two layers of tapes for
comparison purposes.

To satisty Eq. (6) it was necessary to measure the
reflected temperature (Tyf), atmospheric temperature
(Taim), relative humidity of the air (o) and the distance
of the measurement object (d). The way of measuring
these parameters was explained in the text above and
summarized in Tab. 1.

From the pulse width modulation (PWM), the
equilibrium temperature of the copper plate, RTD and

the test strip was monitored. For such, an interface was
developed in the sofiware Labview.

Upon reaching thermal equilibrium, the
temperature indicated by the RTD was recorded.
Simultaneously, a thermogram was obtained from the
interior of the metal case. Later, in the post-processing
step of the obtained data, the readings of the
thermocouples installed in the walls and of the ambient
temperature were inserted in the software FLIR Tools,
and the emissivity was adjusted until the temperature
of the tape in the thermogram corresponded to the
measurement obtained by the contact sensor.

Measurements were performed at 5 temperature
levels, 50, 55, 60, 65 and 70°C, according to the above
procedure. The results were recorded, and then a
statistical analysis was done.

Hr = 75% Tatm = 38.1 Dist=01 Trefl = 205 £ =095

Figure 6. Example of thermography inspection
performed at 60°C for the tape 3M 101.

RESULTS AND CONCLUSIONS

Twenty-five thermographic images were
generated (as illustrated in Fig. 6), associated with
tapes from the five manufacturers and the five
temperature points measured by the RTD. Below, as
an example, the thermographic image for the tape of
the manufacturer 3M 101, at the temperature of 60°C.
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The values found for average total hemispheric
emissivity, as well as the average of each manufacturer
are shown in Tab. 2.

Table 2: Results of measurements of emissivity and
average for each manufacturer.

Manufacturer 50°C  55°C 60°C 65°C 70°C Avg

TEKBOND 092 092 093 093 094 093
DOBLEA 096 096 09 096 096 0.96
3M 101 095 095 094 094 094 094
RAPIFIX 094 093 093 092 092 093
ALTAPE 094 093 093 092 092 093

The camera used was checked in the laboratory,
and its systematic error compensated. The data in Tab.
2 presented the following characteristics: (1) Average
= 0.937667; (2) Standard Deviation = 0.013828; (3)
Minimum = 0.92; (4) Maximum= 0.96; (5) Variance =
0.000191; (6) Average deviation = 0.011667; (7)
Sample standard deviation =0.01472.

The random portion of the error can be calculated
by considering a normal distribution around the mean
value. Thus, as a function of the standard deviation of
the sample presented above and applying the
respective student t coefficient to 95% confidence, it
was possible to quantify the Gaussian distribution
around the mean value. Being &= 0.94+0.03.
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