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Abstract

Thermographic cameras are becoming increasingly popular in all kinds of diagnostic testing aiming to
assess the technical state of thermal power engineering machinery, equipment and installations. The
cameras provide thermograms that enable identification of various irregularities, including thermal bridges.
However, it can be observed that their accuracy and reliability depend substantially on the conditions in
which tests are carried out. Industrial thermographic testing, especially in thermal power engineering, is one
of the most difficult procedures. Apart from the advantages of this particular technique, this paper presents
an analysis of the effect of the conditions in which tests are performed on the obtained results. Attention
is drawn to parameters characterizing the environment and the tested element surface, such as emissivity,
reflected temperature, distance between the camera and the object, air temperature, etc. The sources of
errors in the testing and in the interpretation of thermograms are indicated. Methods are also presented that
enable elimination of irregularities, which improves the accuracy of the final results.

Keywords: engineering installations, thermographic testing, thermogram, emissivity, reflected temperature

Streszczenie

Kamery termowizyjne s3 coraz cze$ciej wykorzystywane w réznego rodzaju badaniach diagnostycznych ma-
jacych na celu ocene stanu technicznego maszyn, urzadzen i instalacji eksploatowanych w energetyce cieplnej.
Uzyskiwane za ich pomoca termogramy pozwalaja identyfikowac rozne nieprawidlowosci, a takze mostki ter-
miczne. Mozna jednak zauwazy¢, ze w badaniach termowizyjnych istotne znaczenie maja warunki, w jakich sa
one przeprowadzane. Te przemyslowe, w tym szczegolnie w energetyce cieplnej, nalezy zaliczy¢ do trudnych.
W artykule, obok wskazania zalet takich badar, przedstawiono analize wplywu warunkéw, w jakich sa one
realizowane. Zwrdcono uwage na parametry charakteryzujace otoczenie i powierzchnie badanego elementu,
jak np.: wspélezynnik emisyjnosci, temperatura odbicia, odleglo$¢ kamery od obiektu, temperatura powietrza.
Wiskazano na zrodla bledow podczas wykonywania tych badar i interpretacji termograméw: Podano sposoby
eliminacji nieprawidlowosci, co zwicksza dokladnos¢ wynikéw koncowych.

Stowa kluczowe: instalacje energetyczne, badania termowizyjne, termogram, emisyjnos¢, temperatura odbicia




1. Introduction

Thermal power installations used in the power sector important facilities such as power
plants, combined heat & power plants and industrial plants, as well as boiler rooms in central
heating and hot tap water preparation systems, enable conversion of primary (mainly fossil
fuel) energy to a more convenient and usable form transferred as the working medium
(typically: saturated or superheated steam or hot water) to appropriate receivers. This is
where further energy conversion or transformation takes place. Adopting such a perspective,
a thermal installation is understood as a system of various devices connected to each other
(e.g. boilers, deaerators, heat absorbers and accumulators), machines (e.g. steam turbines,
pumps, fans) and pipes (pipelines), together with appropriate fittings (including monitoring,
control and diagnostic systems). Assuming that all subassemblies operate correctly, these
elements make it possible to realize thermal technology processes [1, 2] with an efficiency
level corresponding to the current state of the art. It should be noted, however, that in thermal
power installations the energy conversion efficiency is limited by different factors, such as:

» specific energy conversion quality (which is specific to the applied cycle, e.g. the

Clausius-Rankine cycle, and referred to as the cycle theoretical efficiency),

» specific efficiency of the thermal installation assemblies/components mentioned

above,

» energy losses occurring during the process of both energy conversion and transfer.

The first two causes result, respectively, from the character of the working medium
thermodynamic transitions and from technological, structural and operating characteristics
of the assemblies used in the thermal installation. The energy losses (in this case: in the form
of thermal losses) occur mainly during the equipment operation and are related to the heat
exchange between the elements and the environment. Heat escapes through external surfaces
and thermal bridges [3-7]. Even though external surfaces are usually insulated, heat losses
will occur anyway because, as it is commonly known, perfect insulation does not exist (e.g. in
the case of boilers, rarely considered for this case [7]). Moreover, the losses may be increased,
for example, due to possible irregularities arising from the insulation assembly or because
of the insulation material crumbling and ageing [, 7]. Such effects can be classed as a kind
of thermal bridges defined in [3, 5-7] as assembly- or operation-related ones. Another type
includes structural thermal bridges [3-7], which are important due to the amount of heat
losses they generate [ 5, 7]. It should be noted, however, that identification of all these thermal
bridges in thermal power engineering is still incomplete (which is not the case in the building
industry [8, 9]). Consequently, they are not estimated adequately. Sometimes, thermal
bridges are even omitted in calculations. It may additionally be stated that such omission
(though affecting the accuracy of the assessment of their impact on heat losses) is possible in
the case of thermal bridges existing in a given device structure from the very beginning (which
results from the need to ensure appropriate operation or control of operating parameters for
example). But it can be difficult for those arising later on (e.g. due to operating irregularities).
The former are usually ,known” and often visible, such as elements of the pipeline support
or hanging, measuring stub pipes, non-insulated inspection hatches, etc. But they can



also be invisible elements embedded in the insulation material (usually adhering or being
permanently connected to the insulated surface), e.g. supports of the insulation protective
mantle, the insulation grips, stop blocks of the fastening devices, etc. [3, 6]. The latter, i.e.
thermal blocks that may appear later on, are usually invisible under the protective mantle,
e.g. the insulation material displacement (dropping, sagging), the occurrence of dampness,
deformation, etc. They involve discontinuities and result in changes in the insulation thickness
and/or air voids [3, 6].

The thermal installation energy losses are mainly the effect of the thermal insulation
defects resulting not only from errors made at the insulation design, selection and production
stage but also from irregularities appearing later on, during operation. Therefore, the following
tasks are of great importance in power engineering:

» application of such a calculation methodology that enables economically efficient

selection of the insulation thickness, which may produce savings for the company,

This is made easier by the regulation now binding in Poland [10], under which the decision
concerning the temperature of the insulation external surface is left to the operator. It may be
added that until 2013 the only condition was to satisfy the occupational health and safety
requirements. Pursuant to the repealed act [11], the temperature mentioned above could
reach as high as 60°C (the two acts are compared in [12]),

» inspection of thermal installations to assess the current technical state of thermal
insulation and identify thermal bridges, and, if necessary, performance of repair works
(preferably — taking account of economic determinants of the enterprise),

» systematic assessment of the technical state of thermal installations with respect to heat
loses they generate (in order to ensure systematic prevention of an uncontrolled rise in
the losses and means of minimizing them).

Investment aiming to reduce energy losses is defined as actions taken in thermo-
modernization. As a rule, these actions are the simplest method of improving energy
efficiency, and they are usually associated with the possibility of making savings in energy
needed to satisfy own needs of buildings. This also concerns thermal power installations in
the industry. Activities related to thermo-modernization have become a popular investment in
many Polish power engineering companies. The activities are conditioned by legal regulations
on energy efficiency, which make the binding requirements for enterprises even stricter. One
of such acts in Europe is the Directive of the European Parliament and of the Council 0of 2012
[13]; in Poland: the Act of 2016 [14] and the regulation and announcement [ 15, 16] on the
tender for the selection of projects aimed at improving energy efficiency and on the detailed
list of energy efficiency improving projects, respectively. To supplement the above, it should
be added that considering the issues discussed herein, apart from the need to meet the legal
requirements, an important factor is the awareness of the savings resulting from this type
of investment and of the short periods of the investment return. Other essential effects are
an improvement in the machinery and equipment efficiency and reduction in the negative
impact on the environment.

In order to determine energy losses in operated thermal power installations and then
select the appropriate and economically justified thermo-modernization actions, it is




indispensable to perform the testing mentioned above. Thermographic testing seems to be
a favourable option here, as it enables identification of places where increased heat losses
occur, both through the facility insulated surfaces and through thermal bridges. However,
identification only, i.e. a quantitative assessment of these places, is insufficient. In order to
make an exact assessment of heat losses generated in them, it is also necessary to ensure an
adequate accuracy of the testing, which is discussed further below. The elimination of errors
in the use of thermographic cameras (in difficult industrial conditions of the measurement)
and a correct interpretation of the results the cameras provide come down to an appropriate
quantitative assessment enabling a correct estimation of the heat losses.

2. Principles of thermographic testing of thermal power installations

Any tests performed in industrial conditions, especially in conventional power plants
with coal-fired boilers, have to be classed as difficult. This is due not only to the usually high
temperature and pressure parameters of the working medium, but also to the fouling of the
surfaces, the dust content, moisture or aggressiveness of the environment, bad lighting or
lack thereof, the negative impact of neighbouring facilities, poor access, etc. These factors
sometimes have an essential effect on the results of measurements made by means of
thermographic cameras. Attention will be drawn to some of them and rules will be given that
will enable a correct measurement, using the cameras mainly to check the thermal quality and
“thermal tightness” of the thermal power facility insulation and to identify thermal bridges.

Thermographic testing makes it possible to measure the surface temperature of a device.
It is known that each body with a temperature higher than absolute zero (0 K = -273.15°C)
emits thermal radiation (invisible to the human eye but being felt through the skin as heat).
Thermographic cameras are used to make measurements of the radiation in the range of
longer wavelengths (from about 0.9 ym to ~14 pm), recording thermal radiation emitted by
the ,observed” objects. Based on that, images can later be created that map the temperature
distributions of the ,viewed” surfaces. This is possible owing to measuring transducers
(detectors) installed in thermographic cameras and to specialist software that improves the
capability and quality of the camera operation. It can be added that in the images specific colours
are assigned to specific temperatures. A scale is created, in which the palette of colours from
a given thermogram is presented together with corresponding values of temperature. It should
also be noted that, unfortunately, the radiation detected by the camera includes direct radiation
and radiation reflected by objects in the surrounding space, which may result in further errors.
Nevertheless, tests made by means of infrared thermal imaging cameras exhibit a number of
advantages over other methods, like point (contact) measurements for example. The infrared
thermography is widely used in various research areas. This statement is confirmed by references
[17-22], review papers [23, 24] and works related to the assessment of this method [25-27]. In
particular, the favourable features include as follows (for this method):

» contactlessness of the temperature measurement of facilities to which access is difficult

or which are very distant (e.g. facilities located beyond the direct reach of the inspection



team member(s), or positioned close to power engineering equipment or live electrical
appliances/facilities),

» determination of the temperature distributions (fields) even for large areas, practically
in many places at the same time, which shortens the testing time,

» achance toidentify places characterized by a more intense heat exchange (fast detection
of thermal bridges).

In order to make a correct measurement by means of a thermographic camera and
interpret the results obtained therefrom properly, special account has to be taken of the
following quantities in every case:

» parameters characterizing the impact of the tested element surface — emissivity and

reflected temperature in the first place,

» parameters characterizing the impact of the surroundings: ambient temperature, air
humidity, air flow velocity, distance from the object and the measuring angle.

The parameters included in the first group mentioned above are analysed below.

Thermal radiation of every body is characterized by emissivity, absorptivity and reflectivity.
When it comes to thermographic cameras, emissivity is one of the most important parameters
that affect the quality of measurements. Correct results cannot be obtained unless the tested
surface emissivity is known (estimated). The parameter is defined as the ratio between radiation
emitted by the surface, here a real body, and radiation emitted by a black body. Its values are
included in the range from 0 (for white bodies, emitting no thermal radiation and reflecting it
completely) to 1 (for black bodies, whose thermal radiation is the strongest and which absorb
the entire radiation falling onto them). Therefore, it may be stated that in the case of bodies
whose surface is characterized by a high emissivity value, the radiative heat transfer is more
intense. At the same time, as practice shows, under such conditions, the measurement is easier
and gives more correct results. It is more difficult to perform measurements if the surface is
shiny, rough or dirty. In terms of thermography, the facts presented above mean that:

» if the tested object temperature is higher than ambient, setting emissivity in the
thermographic camera (if possible) to a value higher than the actual one, e.g. due to an
estimation error, results in a temperature reading which is lower than actual (if, on the
other hand, emissivity is set to too low a value, the reading will be inflated),

» if the tested object temperature is lower than ambient, inflating emissivity (due to
reasons as above) results in temperature readings higher than the actual one (for too
low emissivity values, on the other hand, temperatures will be understated),

» at lower emissivity values, the share of reflected radiation for the tested material is
higher; consequently, it is more important to establish the correct value of reflected
temperature.

In the case of typical materials, tabularized values can be used to find the tested object

surface emissivity value. The values for some materials, including those used in industry
(e.g. as a coating or protective layers of various devices) are listed in Table 1 [28, 29].




Table 1. Emissivity values for selected materials typically used for construction of industrial facilities

Material Temperature, [°C] Emissivity
polished 50-100 0.04-0.06
Aluminium with a rough surface 20-50 0.06-0.07
highly oxidized 50-500 0.2-0.3
zinc S0 0.20
Sheet metal shiny zinc 30 0.23
nickel steel 20 0.11
rolled steel 50 0.56
Cast iron S0 0.81
Copper polished 50-100 0.02
oxidized NU 0.6-0.7
Pure polished silver 200 0.02
Oil paint 20 0.94
Enamel paint 20 0.85-0.95
Porous red brick 20 0.88-0.93
Gypsum 20 0.8-0.9
Paper white 20 0.7-0.9
black unglazed 20 0.94
Soot 20-400 0.95-0.97
Water layer on a metal surface 20 0.98

However, it should be noted that, in the industry, the surfaces of objects tested with the
use of thermography are often fouled or covered with dust, and their temperature differs from
values for which emissivity is given in tables. In such cases, the most accurate method is to
determine the temperature values by own means. The testing procedure is facilitated by special
tapes or labels (cf. Fig. 1), with a known constant emissivity value — ¢ =0.95 - corresponding
to a given temperature range. The tapes are characterized by low thermal resistance.

Fig. 1. Example tapes (HB-250, IR-ID Labels) with a constant emissivity value

A fragment of the tape shown in Fig. 1 should be placed on the tested object in a relevant
inspection point and time should be allowed to let it heat up to the temperature of the surface.
Setting the emissivity value in the thermographic camera to ¢ _= e, = 0.95, the temperature
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measurement is performed at the place of the tape location. After the tape is removed, the
emissivity value should be adjusted so that exactly the same temperature is obtained on the
surface. Example thermograms obtained by means of this procedure are presented in Fig. 2
(a FLIR E60 infrared thermal imaging camera was used).

Fig. 2. Pipeline surface temperature measurement using tape HB-250

The appropriate emissivity value to be set in the thermographic camera can be determined
to know the tested object surface temperature measured by means of a contact thermometer.
The temperature in the inspected place should be checked using a thermographic camera in
which the emissivity setting should be altered gradually until the camera reading is equal to
the value measured by the thermometer.

The value of the tested object surface emissivity can be determined using the following
relations [S]:
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If the tested object surface temperature is measured by means of a thermographic camera,
arelation can be written using formulae (1) and (3), where T, =T, T, = T,ande =¢;:

p(k) 72
jir==5’67'1078‘Sk(7}004“124) (4)
where: ¢
T, - camera detector temperature, K,
T, - tested surface temperature measured by the thermographic camera, K,
g, — emissivity set in the thermographic camera.

Using the surface known temperature measured by the contact thermometer, relation (4)
can be expressed in the following form (where Tp(k) = Tp ande = sp):

Q,

_ 10-8. 4 _md
_A$-567 10°-¢,(T,' -T,*) (5)
where:
T - tested surface real temperature measured by the contact meter, K,
e — emissivity of the tested object surface.

P
Comparing relations (4) and (5), it is possible to define the formula for the tested surface
emissivity:
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The effect of a wrong value of the tested surface emissivity on the results of the surface
temperature measurement obtained by means of a thermographic camera is shown in
Fig. 3 [S]. The tested facility was a steam pipeline whose insulation layer in the controlled
area was covered with a protective mantle made of zinc sheets. The neighbouring sheets are
characterized by a different technical state (surfaces with different oxidation and fouling
degrees).

AVIGO V-201I thermographic camera was used for the testing. The camera has a constant
emissivity value adopted for the conversion of quantities — ¢ = 0.95. The insulation mantle
temperature was measured in selected points using a TES 1312A Limatherm thermometer.
In Fig. 3 it can be observed that the two methods produced different results. The lower
values obtained by means of the thermographic camera, compared to those measured
by the thermometer with a contact probe (in zones corresponding to each other they are,
respectively, from ~35°C to ~45°C and from ~50°C to ~59°C), at ambient temperature of
about 27°C, prove that the emissivity value set in the camera was inflated in this case (which
in fact complies with the remark on thermography made above).

The obtained data made it possible, using relation (6), to estimate the emissivity value for
the surfaces shown in Fig. 3. They are as follows: €)= 0.63; €, = 0.69; €= 0.73; €y = 0.83
(the marking of respective surfaces is included in the subscripts, in brackets). It should be



noted that the surface emissivity decreases as the surface temperature gets lower. Naturally,
this also results from relation (6). It may also be added that a clean surface of the power
engineering facility insulation protective mantle means smaller heat losses due to the lower

value of emissivity.

56,1 59,3 53,5 52,3 54,7 55,6 50,4 56,7
Fig. 3. Results of temperature measurements of the protective mantle of the steam pipeline insulation made
by means of a contact thermometer (left side — points denote inspected places and the values corresponding
thereto) and a thermographic camera (right side): 1 — new part (relatively clean), 2 — part with a low degree of
oxidation (relatively clean), 3a and 3b — parts with a higher degree of oxidation, with a different fouling degree
(3a - relatively clean, 3b — heavily fouled)

Another essential element of thermographic testing is an exact determination of the
parameter defined as the reflected temperature compensation (RTC), which, apart from
emissivity, can also be set manually in the applied thermal imaging camera. Generally, if there
are no sources of interference (radiation emitters) in the vicinity of the tested facility, the
reflected temperature is equal to the temperature of the surroundings, which can be measured
using a thermometer. In industrial conditions, however, the environment of the testing usually
includes elements of operating equipment or installations which are sources of radiation. In
such a case, the temperature has to be measured using e.g. the Lambert radiator, which reflects
radiation equally in all directions. The temperature measured on it using a thermographic
camera is the sought value. A piece of crumpled and then smoothed out aluminium foil is
commonly used for this purpose. The foil is placed on the tested object and its temperature is
measured using a thermal imaging camera, setting emissivity to e, = 1. After the temperature
value determined in this way is entered into the camera as the RTC, the planned testing can
be performed (for emissivity specific to the tested object surface). Fig. 4 presents the practical
method of the reflected temperature value determination.

The reflected temperature measurement is also absolutely necessary in on-site field
inspections (in thermal power engineering this concerns e.g. inspections of the technical state
of above-ground district heating or process steam pipelines, including the insulation quality
and identification of thermal bridges [3, 6]). A cloudless sky emits thermal radiation with the
temperature of 50-60°C, whereas sunlight reaches the temperature of about 5500°C. Due to
that, the reflected temperature during measurements performed in such conditions is often
lower than 0°C. Therefore, outdoor measurements should best be carried out early in the
morning or under cloudy skies. If for technical reasons this cannot be done, the mean radiant




Fig. 4. RTC value determination using an equivalent of the Lambert radiator (a piece of crumpled and then
smoothed out aluminium foil)

temperature of the sky (the sky temperature) has to be taken into consideration. Its value in
the entire spectrum of thermal radiation, for the vertical plane in Poland, can be calculated
using the empirical formulae presented below [30]:

» fora cloudless sky:

t =-19.04 +1.33t, (7)

» fora completely overcast sky:

t=-0.92+ L141 (8)
where:
t - air temperature, °C,
t — mean radiant temperature of the sky, °C.

Fig. 5 presents a thermogram obtained during an inspection of district heating pipelines,
which illustrates an apparent occurrence of a negative temperature value on the tested objects
due to the sky temperature reflection. This is the effect of the impact of a cloudless cold sky. It
can be ,seen” by a thermographic camera, which automatically expands the measuring range
(the temperature scale) and changes the arrangement of colours in the thermogram.

Fig. S. Thermal images of a district heating pipeline

Conditions in the industries where the thermographic research are conducted, cause that
accuracy of obtained thermograms are less dependent on exact determination of environmental



parameters, i.e.: ambient temperature, the air humidity and flow velocity, and also distance and
angle at which measurements are performed (in comparison to previously mentioned parameters,
i.e. emissivity and reflected temperature). However, some of these parameters have major influence
for determination of estimated heat losses, because their value is depend, among others, on:

» accuracy of ambient temperature determination,

» correct determination of the heat transfer coeflicient, the value of which is substantially

dependent on the air flow velocity.

The presented principles were applied while performing thermographic tests of an OP-140
power boiler. The aim of the testing was to identify the boiler thermal bridges and find the
temperature of their surface and of the boiler otherregular surfaces (walls). Successful completion
of these tasks made it possible to assess the boiler heat losses, including those generated by
thermal bridges [7]. Example thermograms, together with photographs of the inspected zones,
are shown in Fig. 6 (for one of the boiler side walls) and Fig. 7 and Fig. 8 (for the boiler selected
thermal bridges). The tests were performed using a FLIR E60 infrared thermal imaging camera
for the boiler near-nominal continuous rating between 08:00-15:00 hours. At the same time,
the parameters of the surroundings (here, the boiler room air) were measured, e.g. temperature,
which varied depending on the boiler height from about +12°C (+0.00 m level) to about 40°C
(+35.00 m level), and relative humidity, which totalled about 40%.

It should be added that Figs. 6-8 include areas limited by dashed lines, for which the mean
value of the surface temperature was estimated using the software of the applied thermographic
camera (the knowledge of the temperature is indispensable for determination of heat losses).
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Fig. 6. Thermogram and photograph of the OP-140 boiler regular surface (wall)
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Fig. 7. Thermogram and photograph of the OP-140 boiler structural thermal bridge (inspection hatch)
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Fig. 8. Thermogram and photograph of the OP-140 boiler structural and assembly-related thermal bridge
(inspection hatch of the boiler drum and displacement/irregularity thickness of insulation)

3. Concluding remarks

Thermographic testing is a good tool for thermal diagnostics of power engineering
facilities. The advantages comprise the relative ease of performance, as well as the method
non-invasiveness and the short time needed to obtain the measurement results and visualize
them in an accessible way. This kind of testing is especially useful in areas such as:

» assessment of the technical state of thermal insulation, including detection of various
defects thereof which may arise with time (e.g. thinning of insulation or its displacement,
crumbling or dampness),

» identification of thermal bridges in the power engineering machinery, equipment and
installations.

Using infrared thermal imaging cameras to measure the surface temperature of inspected
power engineering facilities, for example for the purposes of estimation of heat losses,
requires keeping adequate accuracy. In other words, the technique should produce reliable
results. In order to eliminate possible errors, the necessary parameters should be determined
correctly and then set in the thermographic camera. This especially concerns the values of
the inspected surface emissivity and reflected temperature compensation (RTC). It is also
important to select appropriate conditions for the measurement performance. For example,
if the measurements are made in the power plant boiler or engine rooms (turbines hall), the
sources of radiation that might interfere with obtained results should be removed or, at least,
their impact should be mitigated. For measurements of outdoor facilities, the favourable
conditions are e.g. the night-time or early morning hours, a cloudy sky and no rain.

The results of the thermographic testing performed for the OP-140 boiler indicate that
numerous places characterized by increased heat losses may arise in the thermal power engineering
facilities. These places are invisible to the naked eye, but thermal imaging makes it possible to detect
them. This may especially concern the power engineering machinery, equipment and installations
with a long lifetime because, with the passing of time, the thermal insulation degradation and
destruction accumulate and become more severe. However, heat losses in power engineering
facilities may also be generated by their thermal bridges. For now, the identification of thermal
bridges is still incomplete and thus their effect cannot be taken into account to a satisfactory extent.
Therefore, works carried out in this direction, with the use of infrared thermal imaging cameras, are



fully justified. They will make it possible not only to prepare appropriate thermo-modernization
actions but also develop better design solutions eliminating thermal bridges or mitigating the
negative impact thereof. The actions will thus improve the energy efficiency of thermal power
facilities and, indirectly, help to protect the natural environment.

References

[1] RajaAXK., Srivastava A.P., Dwivedi M., Power Plant Engineering, New Age International
Publishers, 2006.

(2] Sarkar D.K., Thermal Power Plant. Design and Operation, Elsevier, 2018.

[3] LopataS., Gargula M., Mostki termiczne wysokopreznych rurociqgéw energetyki cieplnej,
[in:] Wspétczesne Technologie i Urzqdzenia Energetyczne, ed. J. Taler, Politechnika
Krakowska, Krakéw 2007, 359-369.

(4] Lopata S, Gargula M., Badania i numeryczna symulacja warunkéw pracy zawieszenia
rurociggéw przemystowych, Technical Transactions, vol. 5-M /2008, 209-218.

[S] Gargula M., Analiza strat ciepla przez mostki termiczne w izolacjach rurociggéw, rozprawa
doktorska, Politechnika Krakowska, Krakéw 2011, http://suw.biblos.pk.edu.pl/
resources/i4/i0/i7/i8/r4078/GargulaM_ AnalizaStrat.pdf (access: 30.01.2017).

[6] LopataS., Rodzaje mostkéw termicznych w izolowanych instalacjach przesylu energii, [in: ] Heat
not Lost-2015, Efektywnos¢ energetyczna, izolacje termiczne dla przemysly, ed. Z. Plutecki,
Studia i Monografie, Oficyna Wydawnicza Heat not Lost Sp. z 0.0., Krakéw 2015, 30-36.

[7] Kocot M., Lopata S., Plutecki Z., Heat Losses in Power Boilers Caused by Thermal Bridges,
E3S Web of Conferences, Vol. 14/2017 (article number: 01035), 1-11, published
online: 15 March 2017, DOL: https://doi.org/10.1051/e3sconf/2017140103S.

(8] Catalog of Thermal Bridges in Commercial and Multi-Family Residential Construction, ORNL/
Sub/88-SA407/1, Oak Ridge National Laboratory, Steven Winter Associates, 1989.

[9] Instrukcja ITB nr389/2003, Katalog mostkéw cieplnych. Budownictwo tradycyjne, 2003.

[10] Rozporzadzenie Ministra Gospodarki z dnia 28 marca 2013 r. w sprawie bezpieczenistwa
i higieny pracy przy urzadzeniach energetycznych, Dz. U. 2 2013 r,, poz. 492.

[11] Rozporzadzenie Ministra Gospodarki z dnia 17 wrze$nia 1999 r. w sprawie bezpieczen-
stwa i higieny pracy przy urzadzeniach i instalacjach energetycznych, Dz. U. z 1999 r.
Nr 80, poz. 912 (obecnie akt uchylony).

[12] Eopata S., Bezpieczeristwo i higiena pracy przy urzqdzeniach energetycznych w Swietle
rozporzqdzen: obowiqzujgcego i wycofanego, Energetyka i przemysl, Nr 2-3 (9-10),
2014, 42-47.

[13] Directive 2012/27/EU of the European Parliament and of the Council of 25 October
2012 on energy efficiency, amending Directives 2009/125/EC and 2010/30/EU and
repealing Directives 2004/8/EC and 2006/32/EC, Official Journal of the European
Union OJ L315, 14.11.2012, 1-S6.

[14] Ustawa z dnia 20 maja 2016 r. o efektywnosci energetycznej, Dz. U. 22016 ., poz. 831.

191 d



[15] Rozporzadzenie Ministra Gospodarki z dnia 23 pazdziernika 2012 r. w sprawie
przetargu na wybdr przedsiewziec stuzacych poprawie efektywnosci energetycznej,
Dz.U.22013 1, poz. 1227.

[16] Obwieszczenie Ministra Gospodarkiz dnia 21 grudnia 2012 r. w sprawie szczegdlowego
wykazu przedsiewzie¢ sluzacych poprawie efektywnosci energetycznej, M. P.z 2013 .,
poz. 15.

[17] Al-Kassir A.R, Fernandez J., Tinaut EV,, Castro F.,, Thermographic study of energetic
installations, Applied Thermal Engineering, vol. 25, 2005, 183-190.

[18] Huda A.SN., Taib S., Application of infrared thermography for predictive/preventive
maintenance of thermal defect in electrical equipment, Applied Thermal Engineering,
vol. 61,2013, 220-227.

[19] Marincioni V., May N., Altamirano-Medina H., Parametric study on the impact of thermal
bridges on the heat loss of internally insulated buildings, Energy Procedia, vol. 78, 20185,
889-894.

[20] Guo X., Mao Y., Defect identification based on parameter estimation of histogram in
ultrasonic IR thermography, Mechanical Systems and Signal Processing, vol. 58-59,
2015,218-227.

[21] O’Grady M., Lechowska A.A., Harte A. M., Infrared thermography technique as an in-situ
method of assessing heat loss through thermal bridging, Energy and Buildings, vol. 3§,
2017, 20-32.

[22] Marino B.M., Mufioz N., Thomas L.P,, Estimation of the surface thermal resistances and
heat loss by conduction using thermography, Applied Thermal Engineering, vol. 114,2017,
1213-1221.

[23] Bagavathiappan S. Lahiri B.B., Saravanan T., Philip J,, Jayakumar T, Infrared
thermography for condition monitoring — A review, Infrared Physics & Technology, vol. 60,
2013, 35-5S.

[24] Kylili A., Fokaides P.A., Christou P, Kalogirou S.A., Infrared thermography (IRT)
applications for building diagnostics: A review, Applied Energy, vol. 134, 2014, 531-549.

[25] Lagiiela S., Gonzélez-Jorge H., Armesto J., Arias P., Calibration and verification of
thermographic cameras for geometric measurements, Infrared Physics & Technology,
vol. 54,2011, 92-99.

[26] Bernard V,, Staffa E., Mornstein V., Bourek A., Infrared camera assessment of skin surface
temperature — Effect of emissivity, Physica Medica, 29,2013, 583-591.

[27] Marinetti S., Cesaratto P.G., Emissivity estimation for accurate quantitative thermography,
NDT&E International, Vol. 51,2012, 127-134.

[28] HowellJ.R., Mengii¢ M.P,, Siegel R., Thermal Radiation Heat Transfer, CRC Press Taylor
& Francis Group 2010.

[29] Kieszonkowy przewodnik — Termografia, Testo Sp z 0.0., Warszawa 2008, http://www.
testo.com.pl (08.09.2016).

[30] Nowak H., Modelling of the longwave radiation incident upon a building, Archives of Civil
Engineering, vol. 47 (2), 2001, 243-267.



