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ABSTRACT

A numerical-instrumental approach of thermographic control was developed to improve the efficiency of contactless control of
the state of difficult-of-access parts of large-sized structures and constructions. It consists in integrated application of industrial
thermal imaging instruments and computational methods of analysis of temperature fields in the studied structures. This allows
improving the accuracy of determination of the geometrical features of the defects and reducing the labour consumption of
operations of technical diagnostics of the state. Application of the developed approach was demonstrated on typical examples
of contactless control of the technical state of industrial chimneys.
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INTRODUCTION

Diagnostics of the technical state of large-sized struc-
tures, buildings and constructions of long-term oper-
ation is a mandatory stage of expert analysis of their
state and the basis for planning measures of repair
and restoration works. One of the main aspects of the
study is to detect defects in structures that can affect
the integrity and functionality of the corresponding
structural components.

To analyse structures of a certain class (residen-
tial and non-residential buildings, chimneys, tanks,
high-pressure vessels) while detecting geometric
anomalies of different types, the methods of passive
thermographic control (TC) proved to be efficient,
which allow diagnosing the state of buildings in diffi-
cult-of-access places avoiding the use of the high-cost
equipment and reducing production risks for staff [1,
2]. The essence of this method consists in the fact that
the temperature difference inside the examined struc-
ture and outside is different, and it causes a certain
heating of the outer surface. The actual distribution of
surface temperature depends on many factors, in par-
ticular, on thermal resistance of a structure, heat con-
ductivity of materials, as well as on the presence of
operation defects, i.e. local thinning or cavities in the
wall. This can be registered using contactless thermo-
graphic methods. The simplicity and availability of
this approach caused its widespread use for the assess-
ment of thermal characteristics of buildings, detection
of zones of excessive heat losses, air leaks, absence
or failure to thermal insulation, moisture sources, etc.
[3, 4]. The contactless nature of TC allows it to be
widely used to analyze the failure to metal materials,

Copyright © The Author(s)

as well as to detect subsurface defects in polymers or
composites [5, 6].

However, one of the fundamental disadvantages of
this method of technical diagnostics is the low accu-
racy of quantitative assessment of sizes of detected
defects, especially over the thickness of a structure.
This means that in case of detection of certain anom-
alies, in order to prepare the reasonable expert opin-
ion about their admissibility, additional measures are
necessary to inspect the corresponding structural ele-
ment, which, in some way, diminishes the benefits of
TC. Therefore, the development of science-intensive
approaches to the analysis of the results of measuring
temperature fields in terms of quantitative interpreta-
tion is relevant.

THE AIM

of the work is the development of a numerical-instru-
mental method of TC of the state of large-sized struc-
tures and constructions on the basis of integrated use
of thermal imaging instruments and computational
approaches for thermal fields analysis.

RESEARCH PROCEDURE

The instrumental part of the proposed procedure con-
sists in the thermographic measurement of natural
(passive thermography) or induced (active thermog-
raphy) fields on the surface of plane or cylindrical
structures. The areas of surface or subsurface defects
are characterized by change in the local temperature.
In this case, the ratio of temperatures in the area of a
defect and in the defect-free area of the structure de-
pends, first of all, on the residual thickness of the wall
and the type of a defect. To determine the type (sur-
face, subsurface) and the actual size of discontinuity,
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it is necessary to know the dependences of the local
temperature on the outer surface of the structure in the
area of a defect on the thermophysical properties of
the material and the features of the temperature effect.
Such dependencies were obtained on the basis of a
numerical computation of the temperature field, tak-
ing into account the geometric and physical features
of the structural state. Validation of mathematical
models and tools for their computer implementation
was conducted on the basis of appropriate laboratory
studies of model structural elements.

Thus, the computation of an uneven temperature
field was based on the finite-differential solution of
the non-stationary heat conductivity equation [7, 8]:

e in the Cartesian coordinate system (x, y, z) — to
describe the heat transfer processes in the plates:
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where T is the temperature, °C; A is the heat conduc-
tivity, J/(m?-s-°C); Cp is the volumetric heat capacity,
J/(m3s-°C).

When setting the problem (1) or (2), the boundary
conditions of the second order were used according
to the total action of characteristic sources and heat

Table 1. Dependence of thermophysical properties of St3kp
(rimmed) steel on temperature [9]

T oC Heat conductivity, Heat capacity,
’ W/(m-°C) J/(kg°C)
100 55 482
200 54 498
300 50 514
400 45 533
500 39 555
600 34 584
700 30 626

sinks. As the main dissipative processes, convective
(in accordance with the Newton—Richman’s law) and
radiation (according to the Stefan—Boltzman law)
mechanisms were considered. The process of heating
from one of the surfaces of the examined object was
described by the appropriate heat flow. The numerical
solution of the heat conductivity equation allowed de-
termining both the stationary temperature distribution
as well as the kinetics of temperature field develop-
ment, which was important during the laboratory val-
idation of the numerical approach.

LABORATORY TESTS

The developed approach was validated by comparing
the temperature fields measured by a thermal imag-
er (TESTO 876 with resolution capacity of 320%240
pixels) on the test specimens with model surface
defects, with the results of numerical computations.
As the test specimens, plates of 300x200x10 and
260x125%10 mm of st3 kp (rimmed) steel were used,
thermophysical properties of the material, depending
on the temperature are given in Table 1. As the model
defects, thinning of 160 mm length, 50 mm width at
2 and 6 mm depths and horizontal subsurface delam-
ination (1x61x66 mm at a depth of 8 mm) (Figure 1)
were considered. In the framework of laboratory tests,
a method of double active thermography was used,
for which on one side, the specimens were heated by
an infrared source, whose power varied from 1.05 to
0.45 kW, and on the other, temperature fields were
measured.

The heating of the mentioned laboratory specimens
was carried out at different time intervals to provide
a stationary temperature field. Thus, the heating of
the plate with thinning (Figure 1, a) proceeded during
905 s, thermograms of temperature fields on the spec-
imen surface at different stages (5 and 65 s) are shown
in Figure 2. As is seen from the measurement results,
the areas of defects of thinning are characterized by a
local growth in temperature compared to the periph-
ery from 3 to 22 °C, depending on the depth of defect
and the time of heating. In contrast to the defect of
thinning of the plate in case of available delamination
on the surface of a laboratory specimen, a drop in a
local temperature as a result of an increase in ther-
mal resistance of the plate is observed (Figure 3). For
the case that was considered in the framework of the
laboratory tests (Figure 1, b) and heating during 47 s,
the amount of a local drop in the surface temperature
was about 2 °C. The comparison of experimentally
measured temperature distributions with the results of
computations (Figure 4) show an error of not more
than 15 % both at the stage of heating as well as in a
stationary mode. Such a level of accuracy is sufficient
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Figure 1. Appearance and schemes of plates with model defects used for laboratory tests: @ — plate with thinning; b — plate with

delamination

to solve engineering problems of technical diagnos-
tics and increase the accuracy of quantitative analysis
of the corresponding thermograms.

RESULTS AND DISCUSSION

The developed approach was used to increase the ef-
ficiency of diagnostics of the technical state of typical
industrial chimneys on the example of structures of a
reinforced concrete four-layer industrial chimney for
the PTV-100 boiler units (height is 120 m, mouth di-
ameter is 4.8 m, wall thickness of the examined area
of the chimney is 0.55 m, thickness of the reinforced
concrete layer is 0.120 m, brick clamping layer is
0.120 m, heat insulating layer is 0.05 m and brick lin-

ing layer is 0.120 m). Thermophysical characteristics
of the layers materials are given in Table 2. Based on
the results of the numerical computation, the depen-
dences of the maximum temperature in the center of
a defect of the local wall thinning from its depth and
inner temperature in the chimney at different tem-
perature of flue gases in the chimney 7, (Figure 5)
was obtained. As is seen from this data, during failure
of the inner layer of the brick lining, a rapid growth
of temperature on the outer surface of the chimney
begins only with the degradation of the next layer,
namely thermal insulation, which imposes some re-
strictions on the use of TC of the technical state of
such heterogeneous objects.

45




0.S. Milenin et al.

30°C

300 |y MmN 212N Madoit 26 EE Avre fales 2267C

27.5

225

20.0

Thinning defects

Thinning defects

c d

Figure 2. Thermograms of temperature fields on the surface of a plane laboratory specimen with model defects of thinning (a, ¢) and
temperature distributions along the line P1 (b, d) at different intervals of time after the start of heating: a, b — 5s; ¢, d— 65 s

With regard to subsurface delamination defects,
Figure 6 shows the calculated dependences of the
local temperature on radial size of a volumetric
defect (size of cavity opening as a result of mate-
rial degradation) located in the central insulating
layer of the chimney and the temperature of flue

Delamination defect

Delamination defect

c

gases. As is seen from this data, the recommended
TC method is sufficiently sensitive to detect such
kind of inner defects which are difficult to detect by
other means of non-destructive testing: temperature
difference on the surface depending on the size of a
defect reaches 0.2 °C, which can be detected, tak-

18.5 °C; Maxi 20.1 °C: Average value 19.4 °C

Mini 1 19.3 °C: Maxil i 21.5 °C: Average value 20.5 °C
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Figure 3. Thermograms of temperature fields on the surface of a plane laboratory specimen with a model delamination defect (a, ¢) and
temperature distributions along the line P1 (b, d) at different time intervals after the start of heating: a, b — 18 s; ¢, d — 47 s
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Table 2. Thermophysical properties of materials of different layers of industrial chimney for the PTV-100 boiler units in a dry state at
atmospheric pressure and temperature of 20—50 °C [10]

Layer description Material Heat conductivity, W/(m-°C) Heat capacity, J/(kg-°C)
Lining Red solid brick 0.74 860
Thermal insulation Mineral wool 0.041 920
Clamping Red solid brick 0.74 860
Ferroconcrete trunk Reinforced concrete 1.70 840
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Figure 4. Computational temperature distributions on the surface
of a laboratory specimen with thinning (a) (/ —1=65s, 2 —
T =5 s) and delamination (b) (I — t =47 °C, 2 — 1 =18 °C)
through different time intervals of heating (lines) and correspond-
ing values of thermographic measurements (%)

ing into account the accuracy of the instrument at a
level of 0.1 °C.

The proposed calculated dependencies allow an-
alyzing the appropriate thermograms more accurate-
ly, evaluating the temperature inside the chimney
at a certain height (the corresponding dependencies
converge to the specific surface temperatures of the
defect-free surface area at a size of a defect equal to
zero), determining the type and sizes of defects in the
process of TC.

CONCLUSIONS

A numerical-instrumental method of thermographic
analysis of the technical state of large-sized structures
and constructions was developed in order to improve
the accuracy of determining the sizes of operational
defects. For this purpose, the methods of numerical
modelling of the uneven temperature field on the sur-
face of plane or cylindrical testing objects with instru-
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Figure 5. Calculated dependences of the local temperature maxi-
mum on the depth of thinning of the industrial four-layer chimney
with a diameter of 5870 mm at different temperatures of flue gas-
es: T :1—130;2—100°C
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Figure 6. Calculated dependences of the local temperature min-
imum on the size of degradation (delamination) of the insulating
layer of the industrial chimney with a diameter of 5870 mm at
different temperatures of flue gases 7, : / — 130; 2— 100 °C
mental approaches of the thermographic analysis of
infrared radiation were combined.

To validate the developed method, laboratory tests
on the steel plates with such model defects as local
thinning and inner delamination were performed.
According to the results of computations and ther-
mographic measurement of the surface temperature
of the defective specimen, an error of the developed
approach of not higher than 15 % was shown.

On the example of the structure of a ferroconcrete
four-layer industrial chimney for the PTV-100 boiler
units of 120 m height and with the mouth diameter of
4.8 m based on the numerical computation results, the
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dependencies of the maximum temperature in the cen-
ter of a defect of the local wall thinning on its depth
as well as the local temperature on the radial size of a
volumetric delamination defect located in the central
cross-section of the chimney wall were obtained. The
proposed calculated dependencies based on the anal-
ysis of the corresponding thermograms allow evalu-
ating the temperature inside the chimney at a certain
height, determining the type and sizes of defects with
a high accuracy.
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