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Abstract The paper is of practical importance and describes the con-
struction of a test rig and the measurement method for determining the
relative emissivity coefficient of thermosensitive thin polymer coatings. Poly-
mers are high-molecular chemical compounds that produce chains of repeat-
ing elements called ‘mers’. The polymers can be natural and artificial. The
former ones form the building material for living organisms, the latter — for
plastics. In this work, the words plastics and polymers are used as synonyms.
Some plastics are thermosensitive materials with specific physical and chem-
ical properties. The calorimetric method mentioned in the title consists of
two steps. The first stage, described here, involves very accurately measur-
ing the emissivity of black paint with the highest possible relative emissivity
coefficient, which covers the surface of the heater and the inner surface of
the chamber. In the second step, the thermosensitive polymer will be placed
on the inner surface of the chamber, while black paint with a known emis-
sivity coefficient will remain on the heater. Such a way of determining the
properties of thermosensitive polymers will increase the error of the method
itself, but at the same time will avoid melting of the polymer coating. Dur-
ing the tests, the results of which are presented in this work, the emissivity
coefficient of the black paint was obtained in the range of 0.958-0.965.
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Nomenclature

¢p — specific heat at constant pressure, J/(kgK)

S - surface, m?

P - power, W

T — temperature, K

Greek symbols

p — mass density, kg/m>
€ — emissivity coefficient
QQ — heat stream, W

1 Introduction

This paper presents the design of the test rig and the results of the first
stage of the study of the relative emissivity coefficient, understood as the
amount of thermal radiation as a form of energy transferred between solids
of different temperatures — in the energy and electromagnetic wavelength
range: from 1 peV to 1 eV and 107 m to 1073 m, respectively. The solids
studied in the second stage will belong to a special group of materials that
have a low softening point or clearly change their thermophysical proper-
ties with temperature. The measurement of certain properties, including
emissivity in the method presented here, ultimately requires that samples
of thermosensitive materials be placed at low temperatures, below the soft-
ening point.

This group of materials includes plastics, which are used as insulation,
whether in the form of rigid surfaces , films or directly sprayed onto a spe-
cific body [1-3]. The coatings change surface heat transfer coefficients simi-
larly to ceramic coatings in blast furnaces and exchangers operating at high
temperatures [4]. Plastics appear to be the materials of the future [5]. They
are both transparent and opaque. Without chemical admixtures, they gen-
erally have low thermal conductivity [6]. They are very popular in the con-
struction industry [7,8], and because they can also be transparent, they are
used to achieve high thermal yields, in buildings with walls with so-called
high optical efficiency [9]. Mention should also be made of the so-called so-
lar energy market, where plastics are increasingly competing with glass or
metal structural elements in various solar devices due to their relatively low
weight and high durability. Transparent insulation increases the efficiency
of devices such as solar collectors [10], built-in storage solar water heaters
and others [11].
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Plastic films are a group of very fast-growing materials because of the
possibility of easily interfering with their properties. First of all, films can be
assembled into layers with different physical and chemical properties [12],
and various metals or ceramics can be sprayed onto their surface with
a thickness of e.g. nanometres, thereby increasing or decreasing optical re-
flection or achieving selective reflection, influencing the conductivity in the
layers [13] and creating other yet unexplored properties of the target mate-
rials [14], including properties affecting human health [15]. Thus, they have
a variety of tasks: from reinforcing, protective - anti-burglary, increasing the
insulation of building walls, and blocking UV radiation, to informative [16]
and others [17]. A very good example of a common application is films used
for car windows.

Such materials in general are such a rapidly growing industry that there
is a need to evaluate and classify them [18].

In the practical applications of the above-mentioned ones, not only op-
tical properties are important, but also mechanical and thermal properties,
including emissivity, which justifies the topic of this paper.

In particular, some emissivity data are available in the literature, but
due to the rapid development of materials, there is far too little data on
these new materials. Automotive companies sometimes provide approxi-
mate emissivity values for films used for automotive glazing. However, the
vast majority of such information is not published, as it is an element of
commercial confidentiality. All the more so because, as mentioned earlier,
plastic-polymers with relatively easily modifiable properties are increasingly
used in a variety of industries, and sometimes form their basis. Therefore,
topics related to the study of the properties of thin surfaces made of differ-
ent types of polymers are very topical now and in the future. However, as
mentioned earlier, these types of materials require a special approach when
studying their properties.

Emissivity measurement methods can be briefly divided into two main
groups: radiometric and calorimetric methods. The first group includes
methods that use the information provided by infrared radiation in a se-
lected range of electromagnetic waves by an infrared detector installed most
often in a thermal imaging camera. This camera measures and then images
the radiation coming from the object being photographed. The energy that
can be measured in this way is a function not only of the object’s tempera-
ture but also of its emissivity. Therefore, when using methods with thermal
cameras, radiometric calibration of such devices is essential. The accuracy
of the results obtained depends on the correct application of the appro-
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priate measurement procedures [19-23| the authors present the design and
operating principles of polarimetric imaging cameras.

The calorimetric method of measuring emissivity is classified as a conven-
tional method. It involves direct heating of the sample and the emissivity is
determined from the measured temperature and surface area of the sample,
as well as the electrical power converted into radiation and consumed in the
heating process under specified conditions — often in a vacuum. The system
under test is brought to thermodynamic equilibrium with the measure-
ment of specific parameters under so-called steady-state conditions. Sam-
ples should therefore be characterised by good thermal conductivity [24].

There are also variants of calorimetric methods that use measurements
over a specific time interval, in transient states, the so-called dynamic meth-
ods, which require further mathematical calculations to determine the val-
ues of specific parameters in the distant future, e.g. using neural networks.
Again, material samples should generally have good thermal conductivity,
but practically, the method has also been shown to be effective for materi-
als with lower thermal conductivity. In [25] a variation of the calorimetric
method was used to measure the properties of non-metallic materials, which
are not electrically self-heating. A Fourier transform spectrometer (FTS)
was used on the test bench. One calorimetric method has also been suc-
cessfully used to measure the properties of thin polyamide films, which are
poor heat conductors too [26].

It is also possible to combine methods from both of these main groups [27].

In short: the advantage of the calorimetric method is that the value of
the selected parameter can be determined in a steady state, the value of
which is assumed to be constant in time. In addition, test stands built
using this method usually have a relatively simple and logical construction.
The disadvantage of this method is the high operating costs resulting from
the need to create certain constant conditions both inside and outside the
measuring station for a relatively long time.

The use of the calorimetric method in this work was determined by the
above-mentioned advantages and the fact that most of the values of material
parameters applicable in technology are determined in steady states.

The calorimetric method proposed here consists of establishing a heat
balance while continuously heating a rectangular radiator inside a hexago-
nal chamber placed inside a desiccator, hereafter referred to as the chamber.
During the test, the air is pumped out of the desiccator using a vacuum
pump to eliminate heat transfer by convection. The only form of energy
exchanged between the heater and the internal surface of the chamber is
therefore radiant energy.
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2 Theory

Heat radiation has the same properties as light waves in the spectrum visible
to the eye. The condition for heat exchange in this way is the presence of
a transparent medium between bodies of different temperatures exchanging
energy with each other. The useful formulas used in this work are based
on laws discovered in the course of radiation research. These are primarily
Planck’s law, formulated as a formula for the amount of radiation emitted
by a blackbody as a function of the electromagnetic wavelength emitted and
the temperature of the body, and Stefan-Boltzman’s law, which describes
the total energy flux radiated by a blackbody. In its simplest form, the
amount of energy radiated from a body with temperature T expressed in
kelvins into a vacuum, is proportional to the fourth power of the absolute
temperature of that body. A black body is characterised by the fact that, at
steady-state, it absorbs as much energy as it radiates. Grey bodies, found in
the real world, radiate similarly to black bodies over the entire wavelength
range, only slightly weaker. To compare the radiation properties of a gray
body with a black body, the concept of relative emissivity coefficient is
introduced, i.e. the quotient of the amount of energy radiated by a gray
body to the amount of energy radiated by a perfect black body at a given
temperature. The value of this coefficient may refer to a specific length of
the emitted electromagnetic wave or to its average value determined by the
appropriate temperature range. According to the literature, the emissivity
of all bodies is not greater than the one.

The idea of the calorimetric measurement method shown in Fig. 1 is
based on radiative heat transfer from the rectangular heater (2) to the

Vacuum pump - 1
—1r

Figure 1: Conceptual outline of a test rig for testing the emission
of back paint and coatings of thermosensitive materials.
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cooler surface of the cubic chamber (1) surrounding it, hereinafter referred
to as the chamber. The temperature will be read by means of thermocou-
ples (3) located on the surface of the heater and the chamber. Both the
chamber and the heater are placed inside the vacuum desiccator to elimi-
nate heat transfer by convection.

Measurements will be carried out in two stages. The first stage, described
here, involves measuring the emissivity of the black paint that covers both
the surface of the heater and the inner surface of the chamber. The coat-
ing used, which is also an example of a polymer, has sufficient thermal
resistance to be placed on the heater.

Using equations (1), (2) known from the literature [28-31], it is possi-
ble to calculate the relative emissivity coefficient under the conditions of
thermal equilibrium of the system:

_ =
“ S0 ()" = ()] (1)
1
=TT S (1 ’ @)
=5

where: €, — the so-called equivalent relative emissivity coefficient obtained
experimentally without taking into account the position of the surfaces
exchanging heat with each other, Q1_» — heat stream exchanged between
surfaces with different temperature, S, So — the outer surface of the heater
and the inner surface of the chamber respectively, 17, To — the higher and
the lower average absolute temperature respectively, o — Stefan—Boltzmann
constant, €1, €9 — emissivity coefficients for surfaces with temperatures 73
and T» respectively.

In the presence of black paint on the surface of the chamber and the
heater, from (2) the following formula can be obtained (3):

S1
14+ 2L
e = —52 (3)
1 i i )
Ey SQ

where: €; — the relative emissivity coefficient of black paint, assuming its
equal emissivity on the surface of the heater and the inner surface of the
chamber.
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The emissivity coefficient of the black paint determined in this way has
a smaller absolute error than if the heater and the interior of the chamber
were covered with different coatings. It is calculated using the differential
method, which is presented later in this paper. Its smaller value is due to
the smaller number of components affecting the value of the total error
associated with this method. Knowledge of the relative emissivity of the
black paint described above is necessary to determine the emissivity of the
corresponding temperature-sensitive material in the second stage of the
study.

3 The construction of the test rig

The test rig, shown schematically in Fig. 1, was originally built to assess
the correctness of neural networks for predicting the temperature of heated
solids in the distant future, which in practice meant determining the steady-
states temperature at specific points on the body. The photograph with
main components of the rig can be found in the article [32]. It has been
adapted to determine the relative emissivity of black paint, mentioned in
the title of the work and allows a proper thermal equilibrium to be achieved.

The ambient test conditions are a dynamic vacuum of 300 Pa (2500 pmHg).
Inside the desiccator, which acts as a vacuum chamber, is a cube made of
5 mm thick sheet metal with 150 mm sides. Its interior forms a closed space,
hereinafter referred to as the chamber, with an inner side length of 140 mm,
made of PA11 aluminium alloy with a linear thermal expansion coefficient
of 23.7-107% 1/K. In its geometrical centre was placed a rectangular heater
made of PA6 aluminium alloy with a linear coefficient of thermal expansion
of 22.9 - 107% 1/K. The heater was made of a rod with a square cross-
section, side a = 30 mm. The heater has a length of 6 = 40 mm. The design
of the heater is simple. A resistance wire (Fe Cr Al 135), insulated with
Teflon, is wound on a threaded aluminium alloy pivot with a diameter of
approximately 25 mm. The resistance wire has a diameter of d = 0.5 mm
and a resistance of Q/m.

The pivot is placed in a hole in a square rod, which forms the body
of the heater. Its average resistance at room temperature 20°C is 9.667 2.
The resistance of the cables connecting the heater with the power supply
at 20°C is 0.037 €2. The test rig is attached to a gauge of type KEITHLEY
(hereinafter called the gauge), which provides relatively accurate readings
of output signals in the form of resistance or voltage.
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4 The way of performing the measurements

On the test rig, temperatures were measured at three specified locations on
the heater and three specified locations on the inner surface of the chamber
(Fig. 2).

1
2
3
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3
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8
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Figure 2: Axonometric mapping of the interior of the chamber (2) including
the heater (1) and temperature measurement locations (3).

Temperature measuring points on the heater are located at the intersec-
tion of the diagonals: one on the side wall, one on the bottom wall, and
one in the corner of the side wall. Similarly, three measurement points are
defined on the inner walls of the chamber. The temperature was measured
with thermocouples after they had been calibrated: [33-35]. An average
temperature was then calculated on the heater and on the surface of the
chamber, which was treated as a constant value, for a given power dissi-
pated by the heater.

The reference temperature of cold ends of thermocouples in the temper-
ature of the meter is measured by the PT-1000 resistance sensor calibrated
earlier [36]. During each experiment, the voltage and resistance in the heater
circuit were measured. The pressure in the desiccator was maintained at
300 Pa using a vacuum pump. This is known as a dynamic vacuum, which
requires continuous operation of the vacuum pump.

Two stages of the process can be distinguished in each experiment. In
the first stage, the desiccator was filled with air at ambient pressure. The
temperature stabilization process after switching on the heater was rela-
tively quick. After about 30% of the duration of the entire experiment,
the second stage occurred, in which the vacuum pump was turned on and
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operated until the steady state temperature was reached at selected mea-
surement points.

5 The test results

A sample temperature evolution on selected surfaces at the test rig is shown
in Fig. 3.
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Figure 3: The dependence of the average temperature from time, exspressed in SE M}, on
the heater (higher values) and in SEM,; on the inner surface of the chamber
(lower values).
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The heat flux dissipated by the heater Qi o (4) is power on the heater
P minus two kinds of losses. One is the loss on the wires Q,,, which can be
estimated using the Fourier formula, based on knowledge of the diameters
of the thermocouples wires and the temperature difference between the
surfaces on which the measuring junctions are placed and the environment
in which the meter is located. Another one is the loss of enthalpy Q, in
the chamber resulting from the maintenance of dynamic vacuum at 300 Pa.
Therefore:

Q172:P_Qw_Qv- (4)

Examples of experimental results are given in Table 1. Here the following
information is gathered in columns from left to right: the ambient temper-
ature where the gauge is placed, measured by Pt-1000 thermometer; the
heat stream dissipated by the heater, taking into account losses (4); the
resistance of the hot heater; voltage in the heater circuit; SEM of thermo-
couples measured in the corresponding points of the heater and the inner
surface of the chamber: AT;—ATy; the average temperature of the heater
Tuwwn and the inner surface of the chamber Ty,.,; the relative emissivity
coeflicient ¢, €1, €9 = €1; the absolute method error Ae.

Table 1: The selected experimental results gathered during the emissivity measurement.

File 1 2 3 4 5 6
to K 296.313 290.405 292.503 292.668 289.695 291.506
Q12 W 0.219 0.758 1.338 1.336 2.17 5.057
R Q 9.686 9.797 9.685 9.709 9.788 9.808
U \% 1.462 2.748 3.604 3.613 4.626 7.065
ATy mV 4.159 16.387 26.593 26.235 41.733 77.775
ATy mV 4.035 16.134 24.87 25.835 40.389 80.63
ATz mV 4.374 15.895 25.855 25.899 39.719 76.468
ATy mV 0.552 1.979 2.812 3.363 4.915 12.071
ATs mV 0.29 1.727 2.996 2.847 4.676 8.767
ATg mV 0.156 1.17 1.875 1.723 3.611 9.344
Tovh K 300.543 306.583 318.632 318.699 330.349 369.837
Towvch K 296.687 292.07 295.421 295.353 294.136 301.607
£z 1.052 0.954 0.975 0.973 0.961 0.955
€1 1.049 0.958 0.976 0.975 0.964 0.958
Ae 0.102 0.027 0.017 0.017 0.012 0.07
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6 Errors in determining the emissivity
of black paint

The method adopted in the experiment for determining the relative emissiv-
ity coefficient is the classical calorimetric method. In the direct measure-
ment, the temperature at the selected locations, the current and voltage
supplying the heater, the vacuum level in the desiccator, the corresponding
areas of the heater and the interior surface of the chamber, and the am-
bient temperature and pressure are measured. When both the heater and
the inner surface of the chamber are covered with black paint, the formula
for the relative emissivity coefficient of this material is of the form (5):

U2 S1
Z (14 2L
R < * 52)

T \* (T\'], K SiU*’
©o l(mo) _(100) "SR

g1 =

where: €1 — the relative emissivity coefficient of the black paint, U, R — the
voltage and the resistance of the heater, respectively, S1, Se — the surface of
the heater and the inner surface of the vacuum chamber, respectively, 717,
T» — the measured average temperature of the heater and the inner surface
of the chamber, respectively, C' = 5.67 W/(m?K*).

The maximum error of the method was determined by summing the
absolute values of the errors of the individual quantities occurring in the (5).
The individual members generating absolute errors have the form as follows:

2U S Ty \* o\ SU2
e TS {051 Kmo) (1) | * Sim
@: 4 4 2 2
os () - (2] 5
100 100 SoR
Uj (1 51> S12U

R Sy ) SoR

_ N
Ti\* [T\ SiU?
{051 Kmo) (i) | * S
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When the heater and the inner surface of the chamber are covered with
coatings of different materials, the relative emissivity coefficient of the ma-
terial covering the cold surface of the chamber can be calculated from the
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following formula:

U2
—S51€1
R
g9 = (12)
U? T \* Ty \* U?
~Sr g+ U515z [(100) _<100) e

The corresponding partial derivatives, generating the absolute error have
the following forms:

2U U? U?
el _g, 2 21 S =
852 R 5181{ SQ R —‘rCSlSQe’fl [(100) ( 100 > + o1 61}
U 2 T T vz )’
{SQR +C'515261 [(100) - <10> ] + 51R81}
U? 2U 2U
- Se1— R ( Szf + S1— R €1> 3
U? 7 \* T \* U?
{—SQR + C515%¢1 [(100) — (100> +S1§€1
U? U? T Ty \* U?
Des (—Rg)Slal{ S27+051S2€1 [(100) (100) +51E€1
{—SQR+0515251 [<100> <100) +51R51}
U? U? U?
5181 R <SQR 51R261> o
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R 122511\ 100 100 LR !
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7 Observations and conclusions

1. Within the heater power range of 0.21-5.06 W, the relative emissivity

coeflicient is in the range of 0.958 +0.07 to 1.04940.102. The method
error of determining the relative emissivity for black paint covering
both the chamber interior and the heater increases with decreasing
heater power.

. Each test was performed for a different temperature range, depending

on the heater power. If it is assumed that the relative emissivity co-
efficient of black paint is constant over the temperature range tested,
then its value should fall within the common range of values of this
coefficient for all the tests carried out, regardless of the accuracy of
the measurements.

The range of common values of the coefficient sought for all tests is
within the field of values (0.958-0.965).

. If the tests will include thermosensitive materials, a sample of such

material should be placed on a cold surface — the inner surface of the
chamber. A layer of black paint with a known value of the relative
emissivity coefficient will remain on the heater. According to prelim-
inary calculations, the error of the method should increase, but the
undertaking is necessary to avoid the melting of the polymer coating.



www.czasopisma.pan.pl P N www.journals.pan.pl
TN

Emissivity measurement of black paint using the calorimetric method 175

4. After initial attempts to apply a thin thermosensitive coating on the

cooler surface of the chamber, insufficiently satisfactory results were
obtained in the second stage of the research. If the technical problems
related to the adhesion of coatings cannot be solved, the range of
materials tested by this method will be limited to those that can only
be sprayed onto surfaces.

Received 17 May 2023
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