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Abstract: The use of low-emission combustion technologies in power boilers has contributed to
a significant increase in the rate of high-temperature corrosion in boilers and increased risk of
failure. The use of low quality biomass and waste, caused by the current policies pressing on
the decarbonization of the energy generation sector, might exacerbate this problem. Additionally,
all of the effects of the valorization techniques on the inorganic fraction of the solid fuel have
become an additional uncertainty. As a result, fast and reliable corrosion diagnostic techniques
are slowly becoming a necessity to maintain the security of the energy supply for the power grid.
Non-destructive testing methods (NDT) are helpful in detecting these threats. The most important
NDT methods, which can be used to assess the degree of corrosion of boiler tubes, detection of the
tubes’ surface roughness and the internal structural defects, have been presented in the paper. The
idea of the use of optical techniques in the initial diagnosis of boiler evaporators’ surface conditions
has also been presented.

Keywords: fire-side corrosion; boiler tube wastage; diagnostics; industrial-scale boilers; non-
destructive inspection; pipe inspection; wall thickness measurement

1. Introduction

The use of low-emission combustion techniques in pulverized coal-fired boilers has
contributed, to a large extent, to intensifying the high-temperature corrosion processes,
consequently causing the relatively quick wastage of wall tubes [1,2]. Fire-side corrosion in
coal-fired boilers has been well investigated [3–8]. In general, fire-side corrosion can be
subdivided into two distinct types, namely:

• water wall (evaporator) corrosion
• corrosion of the superheaters

The main causes of the boiler tubes high-temperature are: impurities in the fuel, such
as sulphur alkali metals and chlorine; the lack of control of the combustion process resulting
in a reducing gaseous environment at the tube surface; impingement of flames; and the
temperature of tube metal.

The erosion-corrosion boiler tube-thick losses increase the exploitation expenses by
increasing the frequency of the necessary full and partial screen replacements. They also
strongly negatively affect the reliability and availability of the whole power unit. In general,
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the problem of the severe wastage of the wall tubes in boilers emerged a long time ago,
for boilers fired with hard coal, after the modernization of their furnace systems; i.e.,
after staged combustion had been introduced. Reducing atmosphere can be detrimental
to high-chromium heat-resisting steels with ferritic matrix, working at elevated or high
temperature, making them liable to brittleness growth, as mentioned by Golanski and
Lachowicz [9]. For temperatures as high as 720 ◦C, the presence of a regular grid or Sigma
phase residue at the ferrite grain boundaries can be observed [9].

In the near future, industrial size power units will remain vitally important as power
sources due to their flexible ability to cover demand when intermittent power sources
are incapable of supplying the energy to the grid [10]. The ability to utilize biomass in
these units will allow them to decrease their carbon footprint while maintaining the energy
supply security for the grid. However, due to the inherently high variability of biomass, in
terms of its properties, even the use of novel valorization techniques might not alleviate the
problem completely. Therefore, there is a need for quick and reliable corrosion diagnostics
techniques that will allow for optimizing the maintenance of power plant boilers. Nowa-
days, diagnostics are performed using visual inspection, followed by sampling sections
of piping for laboratory testing. This is time-consuming as removed sections need to be
replaced before the startup of the boiler after the inspection. Furthermore, any left-over
tensile stress can lead to the formation of cracks, as observed by Duarte et al. [11].

2. The Problem of the Fire-Side Corrosion

Biomass is an energy source that is considered neutral in terms of CO2 emissions [12].
That statement is based upon an oversimplification. Of course, carbon dioxide is always
released as a product of combustion when carbon is being burned. However, biomass
absorbs carbon present in CO2 particles during the photosynthesis process. Carbon, along
with oxygen and hydrogen, is one of the three main elements present in biomass, namely
in three main carbohydrate compounds (cellulose, hemicelluloses and lignin) that form the
orthotropic, composite organic structure of plants.

Two main types of biomass that may serve as fuel are woody biomass and herbaceous
biomass [13–17]. Woody biomass originates from the forest, and it is often called lingo-
cellulosic biomass because trees typically contain quite significant amounts of lignin [14,18].
Herbaceous biomass consists mainly of hemicellulose and cellulose and contains only a
minor part of lignin. It is mostly represented by perennial plants, which in many cases
are grown as crops [14,19,20]. One of the major problems that is especially related to the
combustion of herbaceous biomass is high alkali (K, P) and chlorine content [21–25]. Simi-
larly, this problem is important in combustion in waste-to-energy plants [26,27]. Moreover,
similar behaviour can be observed in the deficiency of oxygen, e.g., during gasification [28].
Due to the relatively low evaporation temperature, compounds that consist of the afore-
mentioned elements may evaporate in the combustion chamber (Figure 1) and later on
condense on the superheater tubes. The problem consists of two different mechanisms and
could be detrimental for heat exchanging surfaces, as has been confirmed for a wide range
of alloys [29,30].

The first mechanism is called fouling, and it introduces problems with heat exchange
and flue gas flow within the heat exchanger area. It is caused by deposits of previously
mentioned compounds and also unburned char and ash that stick to the molten deposits
and make them grow by volume. The second mechanism is fire-side (high temperature)
corrosion (Figure 1). This mechanism is of chemical nature but works in between the tube
surface and the deposit. It weakens the alloys that tubes are made of, which is dangerous
in terms of pressurized devices. Moreover, it decreases the total lifetime of the device. It is
known that the reducing environment (with mineral matter, sulfur and chlorine present in
the flue gas) inside the furnace leads to high corrosion rates [4,31].

The analyses of the composition of the gas boundary layer and that of the wall
tube deposits have shown that the corrosion process is mainly due to combustion with
air deficiency, i.e., with the occurrence of reducing zones and the presence of hydrogen
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sulfide [32]. The corrosion wastage of the tubes is compounded by the presence of sodium
and potassium. A strongly correlated relationship between the reducing conditions and
the corrosion process has been established. The investigations of the deposits showed that
sulfur usually occurs in the second deposit layer, and its content reaches a high value, and
the quantity of deposits does not decide the rate of corrosion. Moreover, the presence of
K2SO4 is an additional factor that could influence the behavior of the eutectics [33].
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Figure 1. Fouling by KCl in a fixed bed straw boiler (left), with chloride and sulfide corrosion
mechanism (right)—adapted, based on [34,35] (SH1 and 2—sections of the superheaters in the boiler).

It is possible to mitigate the corrosion potential of the fuel by applying carefully
selected fuel mixtures [36] or fuel valorization techniques. Some of them, e.g., wash-
ing [37], are simple but require large quantities of water or alternatively are dependent
on atmospheric conditions (rain). Other processes, such as hydrothermal carbonization,
can influence the composition of the inorganic fraction of the material [38–43]. However,
this influence can be both positive and negative, depending on the process conditions (e.g.,
Figure 2). These techniques are getting increased attention as they are especially suitable
for types of biomass with high moisture content [44–49]. In some of the cases, mixing of
different fuels can be utilized effectively, e.g., co-firing of problematic biomass with sewage
sludge [50,51] and peat [52].
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In addition, using additives, as an injection of ammonia sulfate [52] or adding min-
eral additives [53,54] (kaolin, zeolites), could be feasible in terms of reducing the risk of
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deposition and corrosion. However, due to required changes in the feeding system and
the availability of such supplementary fuels in close proximity to the plant, fuel logistics
become increasingly difficult in both of these cases. The work on improvements in the
materials for the boilers is also intensive at the moment [55]. Moreover, the pace of the
development of different coatings is also considerable [56]. Technical means are also used
to remove these deposits, e.g., by using soot blowers [57]. However, improvements in
material science will not make diagnostics obsolete, only less intensive.

Many researchers have established the relationship between high corrosion rates
and the strongly reducing atmosphere near the wall. It is well proven that the reducing
environment inside the furnace [58,59] and mineral matter of the ash composition, such
as the presence of sulfur, chlorine, and potassium leads to high corrosion rates. Pronobis
and Litka [60] showed that the corrosion rate depends on the temperature of the external
tube surface and on the distribution of the local CO concentration in the boundary layer in
the furnace.

Two systems of online monitoring of the boundary layer gas composition have been
developed independently and tested in some boilers [61]. The results of working with such
a system might be helpful, e.g., in making decisions related to protective-air systems and
anti-corrosion coatings implementation. Modelling of ash deposition by computational
fluid dynamics (CFD) has turned out to be helpful in indicating the areas most susceptible
to corrosion [62–64]. The results obtained may be useful in optimizing the boiler operation
and modernizing burners and the boiler furnace. It was observed by Modliński and Hardy
that CFD simulation was one of the best ways to detect eventual problems that could
potentially be caused by the unfavorable distribution of CO and O2 in a pulverized coal
boiler [65–67]. On the other hand, CFD simulation could be a good way of assessing
improvement offered by designs impeding the corrosion process, e.g., slot wall jet [68].

Despite the fact that such techniques are constantly being improved, a lot of damage
caused by the boiler tube-thick losses (Figure 3) results in the intensification of interest in
and need of simple and reliable non-destructive testing methods. The methods are expected
to be sufficiently precise and easy to utilize in the conditions one experiences during work
inside a boiler combustion chamber. Non-destructive testing methods (NDT) that aim at
inspecting the state of heating steam boiler surfaces can be used as a fast screening technique
for corrosion effects. Utilizing such methods during periodic inspections contributes to
taking preventive actions and avoiding emergency situations caused by high-temperature
corrosion. These methods may also be used in studies of the effectiveness of functioning of
the new protective coatings types that are used more and more in our energy economics.
Some of the methods give a chance to automatize the measurement process.
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by authors).
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3. Non-Destructive Testing Methods for Fire-Side Corrosion Testing

Non-destructive testing methods (NDT) pertain to non-invasive measurement tech-
niques that allow observers both to study the structure of the construction material and to
take quantitative measurement of certain characteristics of the sample studied, for example,
of the material thickness. As opposed to destructive testing methods, NDT serves to assess
the material’s state without causing damage to the sample studied [69,70].

The NDT methods are used in many industrial fields as well as in nearly every stage
of the manufacturing processes for a wide range of products [71,72]. They play a crucial
role in ensuring low operating costs, security, and reliability of the whole industrial plant’s
functioning. The techniques of non-destructive weld testing are widely used in many
industrial fields, including in energy economics as well [73].

Ultrasonographic techniques, as well as the ones using eddy currents, usually exploit
small surface probes, which restrict the whole area only to control a tiny bit of the boiler wa-
ter wall. Moreover, methods using, for example, ionizing radiation and infrared radiation
are also being developed.

One of the interesting techniques is in situ metallographic testing, which can be
performed during periodic boiler inspections [74]. The method gives additional knowl-
edge regarding the structural changes that occurred in the inspected sections during the
exploitation of the boiler. However, it should be noted that such inspections should be
performed by well-skilled staff to avoid misinterpretation of the metallographic data [74].
The time and resources needed for advanced diagnostic methods could be saved by initial
identification of areas particularly exposed to high corrosion rates, using simple methods.

3.1. Ultrasonographic Methods

Ultrasonographic methods utilize phenomena that result from differences pertaining
to the speed of mechanical vibration movement in the materials studied and their surround-
ings [70,75,76]. The differences trigger the reflection of waves at the media boundaries.
The ultrasonographic measurements are realized by sending an ultrasonic impulse to the
sample studied. The impulse bounces off the sample edge, comes back to the receptive
head and then is presented to the operator. By measuring the reflected wave movement
times and by knowing the speed with which the wave moves in a given medium, it is
possible to estimate the thickness of the measured sample as well as the localization of the
potential unevenness and defect in its structure.

The ultrasonographic technique is of two types:

• the classic one, which uses the transmitter head generating vibrations;
• the EMAT Method, in which the mechanical vibrations are evoked in the

material studied.

In the first method, one head works as a transmitter, the second one as a receiver.
The ultrasonic wave is most frequently generated and converted into electric impulses by
means of the piezoelectric phenomenon. Techniques of various technological advancement
levels can be distinguished here; however, the classic method (manual measurement with
the use of light and hand-held measuring devices) is of the utmost importance in boiler
tubes studies.

The classic method requires the appropriate preparation of the sample studied—that
is, cleansing its surface as well as using the surface, which transmits the transmitter head
vibrations to the sample studied. As for the studies of the boiler tubes’ thickness, they refer
to the necessity of the appropriate preparation of the tube surface where the measuring
head is located—that is, the deposit has to be removed, and the surface is expected to be
polished (Figure 4).
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measurement process; (b) the measurement points.

The electromagnetic acoustic transducer method (EMAT) assumes the actuation of
vibrations being studied by using the magnetic field. The vibrations inside the sample
studied are actuated through the overlapping of two kinds of magnetic fields: constant
and variable. These are incited by means of the winding powered by a generator. The
material thickness measurement itself is conducted in a similar way to that in which the
classic ultrasonic method with the piezoelectric head is conducted. The measurement is
carried out using a special head with a transducer not requiring direct contact with the
tested material; therefore, there is no need for mechanical removal of the deposit (oxide
layer on the fire-side of the water wall or superheater tubes), and measurements can be
carried out very quickly without the need for a liquid couplant (as is the case with the
ultrasonic method) [70,77]. Such a diagnostic system is suitable for quick wall thickness
measurements in power boilers because it enables a detailed examination of the entire
evaporator surface and obtains a clear visualization of the control results (color maps).

There are solutions for carrying out the inspection of large surfaces operating at high
temperatures [78]. However, measurements of the wall tubes’ thickness are still carried out
during the boiler outages because cleaning of the surface is usually necessary before the
inspection inside the furnace chamber (especially during biomass combustion, which is
accompanied by increased fouling of the heating surface).

However, the automation of measurements (use of robots) would be beneficial, as it
would allow measurements to start earlier and reduce the time of the entire
diagnostic process.

Undoubtedly, the EMAT Method, in comparison to the classic ultrasonic method,
boasts, as its greatest advantage, the possibility of contactless measurement as well as less
sensitivity to the state of the surface of the sample studied. This method, nevertheless, has
some limitations. One of them is the accuracy of the measurement. Another is the influence
of the accuracy of the distance of the head from the test object, and the effect of chemical
composition and structure of ash deposits on the signal disturbance [79].

3.2. Methods Employing the Magnetic and Electromagnetic Fields

Because of the possibility of using the study materials utilized in the construction
of industrial-scale boilers, one may apply two, out of many, methods of measurement
employing magnetic and electromagnetic fields: the magnetic flux leakage method (MFL)
and the saturated low-frequency eddy current method (SLOFEC).

The MFL method employs the magnetization of the material studied to the saturation
level as well as the measurement of magnetic field corona in places in which material losses
and other anomalies are located [71,72,75]. Detecting defects by means of this technique
has been known for a long time; new studies concerning this issue refer to methods
of establishing the structure of detected defects. The constant magnetic field applied
to the material studied is generated by an adequately strong magnet or electromagnet
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constituting an element of the measuring probe. The field closes inside the sample studied
and should trigger saturation of the sample. In the places where losses, material defects,
or contractions are present, the magnetic field corona occurs, which is captured by the
measuring probe. In one of the recommended solutions, detecting corrosion inside the
tubes constitutes the original function of the measuring device. Prior to the test proper,
calibration tests are necessary, whose task is to adjust the measurement system to the
specifics of the tested object. In these studies, various methods of simulation of defects
characteristic of the material studied are employed. High-resolution devices using the MFL
Method gather the data roughly every 2 mm along the tube axis. The measurements are
processed by the specialized software, which, on the basis of the whole set of data received,
assesses the present state and makes a prediction concerning the corrosion progress. The
measurement accuracy constitutes the limitation of the method—the material losses can
indeed be identified but without the information on which side of the sample studied the
loss is located.

The SLOFEC Method uses eddy current along with the constant magnetic field [80].
The classic method employing eddy current is not quite suitable for ferromagnetic materials
studies because of the low ability of the current to deeply penetrate materials of this kind.
Applying the constant magnetic field to the sample studied causes improvement of the
eddy current penetration depth. In the case of a defect, the magnetic field lines have
a higher density in the remaining wall thickness where the fault is located. This, as a
consequence, changes the medium magnetic permeability and changes the arrangement
of the eddy current field lines. Alterations in the arrangement of the eddy current field
lines undergo analysis in reference to calibrations with regards to differences in amplitude
and the signal phase. The possibility of observation of the phase, amplitude, and shape
of the received return signal in the SLOFEC Method allows observers to assess the tube
wall thickness loss and distinguishing defects at both sides of the wall [80]. In addition, the
SLOFEC Method is not an absolute wall thickness measurement technique, and calibration
by a comparison technique, like the ultrasonographic method, is required. Although some
similarity in using the magnetic field between the SLOFEC (the constant and variable
magnetic field) and EMAT methods can be observed, a fundamental difference between the
two exists, too. In the EMAT method, the issue under investigation is the signal resulting
from mechanical vibrations in the sample studied. On the other hand, in the SLOFEC
method, the induced current is observed.

Another non-contact inspection method that could be used for the purpose of the
fire-side corrosion method is eddy current testing (ECT). The method can potentially be
used for measuring the wall thickness through insulation and cladding [81]. Pulsed eddy
current (PEC) testing is still a relatively new technique used for the inspection of electrically
conducting and ferrous materials with corrosion under insulation; it provides considerably
more defect information when compared to conventional eddy current techniques due
to the use of an excitation pulse that contains broadband frequencies [82]. Pulsed eddy
current testing (PECT) uses broadband excitation for sufficient electromagnetic penetration
into test objects [81,83]. The PECT signal changes over time along with the penetration of
eddy current, and therefore it might be possible to characterize a test object by depth from
the analysis of the time-varying signal. The short duty cycle pulses consume lower power
in comparison to those of its sinusoidal counterpart. With the same large excitation current,
higher excitation pulses can be employed to strengthen induced eddy currents. Overall,
the PECT method can be applied to wall-thinning measurement when the pipe wall and
cladding sheet’s properties are fully understood. It is possible to apply this approach
to other insulated or difficult-to-access test objects, where no contact with the probe is
required [81]. Other methods, such as RFID (radio frequency identification) [75], as well as
microwave-based sensors [75,84], have attracted interest as novel diagnostic techniques for
online monitoring of structural materials’ integrity in the process industry, especially in the
context of the development of so-called industry 4.0 [75].
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3.3. Methods Employing Ionizing Radiation

Utilizing ionizing radiation may present another method of tube thickness alteration
analysis. In this case, however, the tube must be located between the source and receiver
of radiation, the latter of which constitutes a specialized scintillator-multiplier phototube
system. The electronics in this construction consist of a CCD camera equivalent. In
addition, software analyzing the received radiograph results plays a crucial role in the
measuring system.

An image from the camera is sent to a computer, where it undergoes an analysis aimed
at establishing the thickness of the wall of the x-rayed tube. Methods utilizing ionizing
radiation are, in practice, used for tube wall thickness measurement. However, they require
synchronized radiation source placement and a receiver head at both sides of the analyzed
tube. They detect corrosion and erosion defects both sides on the outer and inner tube
surface, as well as the insulated and deposit-covered tubes [85–87]. In the case of field
studies in boilers with airtight screens, this may cause some difficulties, especially when
additional angular exposure is required. This method type, nevertheless, allows for the
measurement process automatization with minimal costs destined for the preparation of
the surfaces for analysis.

3.4. Infrared Radiation-Based Methods

Methods employing infrared radiation concern observation of the heat corona of
the material studied heated by the local heat impulse. The observation is assisted with
the camera working in the infrared mode. The pace at which the material regions with
different thicknesses give up the heat varies. This allows for distinguishing and detecting
the material regions. Moreover, on the basis of temperature change dynamics, one can
roughly assess the material thickness changes as well as other defects influencing the way
heat is conducted in the material. In this method, the infrared camera moves (as one
device) with a linear heat source in such a way as to situate in the camera view the material
region before and after heating it. The temperature recorded from the unheated region
contains information about the initial temperature schema in the sample studied. One
of the advantages this method offers is the easiness with which the measuring process is
automated as well as the possibility to gain the map of the thickness of large-surface screens
after the scan process is over. Unfortunately, the results are subordinate to the material
heat capacity as well as heat conductivity both of the tube material and the deposited layer,
the latter one being, in most cases, heterogeneous. That is why it is necessary, prior to
the analysis, to carefully cleanse the surface [88]. An example of using this measurement
technique for the study of the boiler screen is the Line Scanning Thermography System
(LST) produced by the Mistras Company [88].

3.5. Other Methods

Other methods of non-destructive testing could likely find their way to corrosion
detecting systems in boilers. Al-Mayouf and Al-Shalwi [89] investigated a simple galvanic
sensor that was useful for determining the start of iron corrosion under situations similar
to those used for separating layers of iron oxide magnetite from the steam boiler with the
5% HCL solution at 60 ◦C. The time at which the inclusion of corrosion inhibitors is needed
to safeguard the base metal can be signaled by this sensor [89]. The fiber brag grating
(FBG) system employs the use of photoacoustic sensors [75]. With a photoacoustic sensor,
two types of ultrasonic waves are generated: body waves (i.e., p-waves and s-waves) and
surface waves (fundamental mode of Rayleigh waves), which have higher amplitude and
are more sensitive to corrosion [75]. Recently, PARC Company has developed a technique
to allow optical fiber sensors to detect the wavelength deviation with a 50 femtometer
resolution [75]. The idea is to use a distributed array of high precision photosensors.
Brillouin distributed fiber is another sensor used for corrosion monitoring since it measures
the strain very precisely [75].
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4. Available Automatic Systems with Visual Data Processing

In order to determine the boiler tubes’ thickness, it is necessary to put scaffolds
in the boiler and to carefully cleanse the surface with a water stream. It is essential to
study an appropriately large screen surface region in as short a time as possible. Thus, it
seems profitable to automate such a study by utilizing special robots intended to relocate
measuring probes. Vakhguelt et al. [76] reported a conceptual design of a climbing robot
for corrosion measurements in power plant scale boilers, using EMA sensors [76].

The Bhabha Atomic Research Centre (BARC) is one of the companies that has at-
tempted to construct such a robot, which was intended for vertical movement along the
boiler wall tubes. The robot was adapted to relocate the EMAT measuring head and was
able to carry weight amounting to 10 kg at speed up to 120 mm/s [90]. Such a solution
allows for scanning the region of a large wall, detecting all of the critical wall tubes regions,
and, subsequently, making meticulous measurements of the thickness of the tubes by
means of the classic ultrasonic method in the very places that were detected.

The Vertiscan™ System by the Russell NDE Systems Company from Canada uses, on
the other hand, a magnetic robot—TubeCAT™—capable of self-moving along the vertical
tubes of the boiler. The robot, which uses the electromagnetic measurement method, has a
scanner (known as E-PIT) able to analyze five tubes at a time [91]. The system is calibrated
by using ultrasonic measurements.

The Alstom Company has been working for a few years on the development of mobile
robots. It is in possession of a few solutions which may be successfully used in the boiler
combustion chamber conditions playing the role of an automatized platform, for example,
in non-destructive studies (ultrasonography, eddy current, thermography, and radiation
measurements), in the visual inspection of the boiler (a video camera, 3D scanning), and in
the heating surface cleansing [92].

Using the visual systems may constitute technique supplementation, complementing
the tube thickness diagnostics, and may aid the initial evaluation of the heating boilers’
surface state. Systems of this kind utilize the tube surfaces photographs taken in visible
light. A prototype of such a computer vision system intended for evaluating the state of the
boiler evaporators’ surface was designed in the Department of Automation, Mechatronics
and Control Systems at the Wrocław University of Science and Technology.

The system equipment consists of a digital camera, LED illuminator, and devices
that aid in directing towards and indicating the current position in which the camera was
located while taking a photograph. The device may be moved by an operator (Figure 5),
although plans exist for the construction of some sort of mobile platform capable of moving
along the boiler walls by itself (as a robot).
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The system software performs the photograph archiving and registers the data indicat-
ing the position as well as further analysis of what is visible in the photographs [93]. The
information is saved in the database, which enables one to visualize the whole wall or a
selected fragment bigger than a single photograph in the form of a photomosaic (Figure 6).
The possible use of machine vision systems depends on what has been photographed
and what kind of functions are implemented in the software. In the case of self-propelled
devices, the software will also aid the device movement control.
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evaporator photographs [93].

The field of application of vision systems is determined by what is intended for
photographing as well as the functions performed by the software that analyzes the
collected photographs. One of the possible applications of the vision methods is the
analysis of deposits that have accumulated on the surface of the tube. In such a situation,
the photographs are taken prior to getting rid of the deposit from the evaporator surface.
By comparing photographs of selected regions that were taken in various time periods,
one may, for example, assess the effectiveness of deposit blower work and the influence of
variable fuel properties on deposit formation.

After partial ash deposit removal, it is possible to search out, by means of picture
analysis methods, the places where the deposit underwent melting. Drawing conclusions
about the state of the boiler walls on the basis of the appearance of the deposit accumulated
on the walls is risky and requires the collection of the data from manifold measurements as
well as search for correlations by means of mathematical statistics methods. In the designed
software, the possibility of carrying out such analyses was provided.

The vision analysis may also concern the surface of the metal of which the tubes
have been made; nonetheless, it requires, in the beginning, the removal of the deposit
that has accumulated on this surface. The photographs taken in such a situation may be
analyzed through the picture detection methods, which are color irregularity measurement
oriented. Based on this, one may draw conclusions about the corrosion pitting on the metal.
Generally, images are obtained in the form of RGB components (with the possible Bayer
matrix at the sensor level). For this kind of analysis, a form of hue and saturation, the HSV
value is considered to be better. The size of the color space is roughly the same since we
also have three parameters. The hue parameter controls color but in the form of a color
wheel; therefore, similar values have similar colors (if we accept that 0 and 255 are close).
This allows for much simpler processing methods.

Descriptions of the measuring devices offered by various producers usually contain
information about the necessity to calibrate the device to particular applications. This
requirement concerns carrying out the test measurements, processing the collected data,
and, on the basis thereof, setting the parameters used during the measurement proper.
Data collected during the measurements is also compared to the model measurements
database, and, on this basis, one makes the final evaluation of the interpretation of the
collected material.
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Generally, the received measurement data constitutes data emerging as the sum
of responses of fragments studied from many samples. It causes some difficulties in
determining the unambiguous location and size of the detected defect in the structure
of the material studied. Usually, the ultrasonographic study is exemplified as the model
method of tube thickness measurement.

5. Conclusions

As far as the matter of the measurement methods used in not-destroying-metals
testing is concerned, one should focus on two issues:

• a physical phenomenon used for collecting measurement data;
• processing the collected data by means of computer techniques.

The methods that have the best chance of being widely used are those that allow
for relatively meticulous determination of the tube walls’ thickness without the need to
build a scaffold in the boiler firebox. The experience gained so far with the automation of
wall tube thickness measurement using the EMAT method shows its great potential and
the possibility of making quick measurements without time-consuming surface cleaning,
unlike the most commonly used method today—the ultrasonic method. If robots carrying
the measuring head are used (automatized measurement), it will be possible to test the
entire wall without the need to erect scaffolding.

Additionally, the vision methods will serve as aids; they will, in turn, be aided by the
appropriate computer software intended for processing and analyzing pictures. In this
case, it will be possible to use drones to take photos of the water wall surfaces in the boiler.

Non-destructive testing methods for fire-side corrosion testing are well proven for the
corrosion testing of water walls of the boiler. Straightforward utilization for inspection of
the superheaters might prove challenging due to difficult access. Further work is required
on this topic.
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