Journal of Thermal Analysis and Calorimetry
https://doi.org/10.1007/510973-024-13584-9

=

Check for
updates

Exploring the potentialities of thermal asymmetries in composite wind
turbine blade structures via numerical and thermographic methods:
a thermophysical perspective

A.A. A.Figueiredo'? - G. D'Alessandro®- S. Perilli* - S. Sfarra® - H. Fernandes®*®

Received: 22 March 2024 / Accepted: 12 August 2024
© The Author(s) 2024

Abstract

Using composite materials in turbine blades has become common in the wind power industry due to their mechanical prop-
erties and low mass. This work aims to investigate the effectiveness of the active infrared thermography technique as a non-
destructive inspection tool to identify defects in composite material structures of turbine blades. Experiments were carried out
by heating the sample and capturing thermographic images using a thermal camera in four different scenarios, changing the
heating strategy. Such a preliminary experiments are prodromic to build, in future, the so-called optimal experiment design
for thermal property estimation. The experimental results using two heaters arranged symmetrically on the sample detected
the presence of the defect through temperature curves extracted from thermal images, where temperature asymmetries of
25% between the regions with and without defect occurred. Moreover, when only a larger heater was used in transmission
mode, the defect was detected based on differences between normalized excess temperatures on the side with and without
the defect in the order of 20%. Additionally, numerical simulations were carried out to present solutions for improving defect
detection. It was demonstrated that active infrared thermography is an efficient technique for detecting flaws in composite
material structures of turbine blades. This research contributes to advancing knowledge in inspecting composite materials.
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Introduction strong adhesives. The composite structures of the blades can

present different types of damage, such as delamination,
The blades of wind turbines are critical components and cracks, air pockets, and fiber-matrix detachments. Adverse
susceptible to various damages during their operation, which ~ environmental conditions can also cause damage. The use of
can affect other blades and turbines, increasing the costs of ~ non-destructive testing (NDT) to monitor the conditions of
the energy generation process. The blades consist of two  the blades is essential for the early detection of failures [1].
fiberglass composite halves held together by shear webs and
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In recent years, several traditional and innovative NDTs
have emerged for both areas of application. These tech-
niques encompass methods that include visual inspection,
strain measurement, acoustic emission, ultrasound, vibra-
tion, thermography, machine vision, and many other. NDTs
can be carried out by a human team, using robots or using
unmanned aerial vehicles [2]. Furthermore, these techniques
can be employed both in individual wind turbines and sys-
tematically in onshore or offshore wind farms. Non-destruc-
tive approaches were extensively reviewed and discussed,
and possible research directions were highlighted [3-5].

Infrared thermography is an NDT technique that detects
internal defects in materials qualitatively and quantitatively
without physical contact. The technique was developed to
accurately predict the depth of defects and has successfully
been applied in several areas. Infrared thermography offers
a comprehensive approach to defect detection, allowing for
large-area analysis and providing valuable information about
the integrity of materials. Infrared thermography helps in
decision-making for maintenance and quality control [7].

Localized heating can introduce significant challenges in
interpreting the images obtained. Several works have studied
the two-dimensionality of the heat flow, which makes the
analysis of thermal images difficult, as the heat diffuses not
only along the thickness axis of the material, but also later-
ally, amplifying the blurring effect [8—10].

Different studies have used infrared thermography to
detect faults in wind turbine blades. To the best of our
knowledge, the first one can be attributed to A.P. Pontello,
who in 1974 applied infrared thermography on turbine
blades containing flaws covered by corrosion [12]. Pas-
sive and active thermography have been used to monitor
the condition of these types of defects [1]. Passive infrared
thermography was used to detect internal defects and evalu-
ate the thermal behavior of structures in different climatic
conditions [13, 14]. Active thermography has been applied
to qualitatively and quantitatively evaluate the presence of
defects in turbine composite materials [16, 17].

Several works have carried out numerical modeling
of active infrared thermography, essential for simulating
defects in composites, such as cracks and delaminations
[18-22]. The creation of models that accurately characterize
the thermal and structural behavior of composite materials
under different test conditions makes it possible to predict
the thermal response of internal defects when subjected to
thermal stimuli, contributing to the development of more
efficient non-destructive inspection techniques.

Studies have been developed using different types of
excitations to inspect samples of wind turbine blades with
defects, including foreign materials, air inclusions, and man-
ufacturing flaws. Optimization of algorithms and utilization
of image filtering play an essential role in thermography-
based failure analysis [24-27]. However, further studies
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need to be conducted with the aim of assessing new pos-
sibilities for enhancing methodologies for infrared thermog-
raphy-based fault identification.

The main objective of this work is to investigate the
effectiveness of the active infrared thermography technique
as a non-destructive inspection tool to identify defects in
composite material structures of turbine blades. Experi-
ments were conducted in the laboratory to detect an artifi-
cial polyvinyl chloride (PVC) inclusion in the sample. The
active approach was applied by heating the sample through
thermal resistances or a heating plate installed in transmis-
sion mode. The reproduced wind turbine blade cooled down
naturally. A thermographic camera recorded thermal images
of the sample’s surface during the heating and cooling steps.
Four different scenarios were analyzed to determine the best
strategies for detecting the defect. Numerical simulations
using the commercial software COMSOL® were carried out
to study the experimental results and predict the numerical
temperature distribution starting from the correct application
of the boundary conditions. Since the defect is very thin,
by considering the symmetry of the heating with respect to
the size of the sample, the proposed thermal stimulus can
be considered of interest to provide solid conclusions on
the defect detection based on slight bendings of the thermal
imprints [29, 30].

This paper presents in Sect. 2 the methodology and mate-
rials used, including the mathematical modeling, experimen-
tal procedures and numerical approach used. The results
are discussed in Sect. 3, where analyses of experiments
and numerical simulations are performed. In conclusion, in
Sect. 4, a synthesis of the main results and suggestions for
future research is presented.

Materials and methods

Figure 1 shows the configuration of the experiments per-
formed, where the sample was characterized by two glass
fiber/epoxy matrix composite plates and an artificial poly-
vinyl chloride (PVC) inclusion was considered a defect. Fig-
ure la shows an overview of the experiment, highlighting
the power source that powered the heaters, the timer relay
to control the heating duration, and the composite sample
along with its holder. Figure 1b shows the scenario where
two heaters were utilized on the rear surface, while Fig. 1c
shows the heater plate employed in transmission mode. Fig-
ure 1d shows a schematic configuration of the experiment. A
FLIR T1020 thermal camera (1024 x 768 pixels resolution)
was used to record thermal images from the front surface.
In particular, the initial Cytec 919 composite specimen
consists of two layers of glass fiber oriented at 0°. During
the manufacturing process, a foreign material (PVC) was
inserted between the layers with the aim of simulating a
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Fig. 1 Experimental setup with
IR camera in the laboratory:

a overview, b two heaters, ¢
heater plate, and d schematic
setup

DC power

Power
supply

defect (inclusion). The initial specimen (from which the
final specimen described thereafter was realized) is shown
in Fig. 2. To evaluate the thickness of the sample, it was
decided to acquire at least 4 thicknesses in different points.
Figure 3a shows the thickness measurement points within
the areas marked with red circles. It is possible to see the
composite slab on the rectified surface of the Fanuc brand
18i-MB gantry milling machine. The cylindrical steel mass

Fig.2 Cytec 919 specimen: a
front side of the specimen and b
back side of the specimen

Timer relay

Samples

Composite/PVC/Heater

Heaters

R Thermal
.. camera

(d)

visible in Fig. 3b has the task of keeping the entire surface
of the sample in contact with the milling machine surface.
It is possible to see an enlargement of the Borletti brand
comparator with thousandth accuracy, in contact with the
workpiece table centered at O to allow the Z-axis of the
machine to be zeroed.

After the measurement procedure, the specimen was
removed from the machine and placed on a special work

(b)
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Fig. 3 Position of the composite
plate on the measuring plane: a
general view and b detail of the
measuring probe on 0 to allow
the piece zero procedure

bench where squaring and trimming are carried out until
a rectangle is obtained. Then, the specimen was split into
equal parts as depicted in Fig. 4a. An electrical resistance
was juxtaposed on one of the surfaces of the specimen,
through its adhesive layer, with the aim of generating a local
thermal load. This resistance is of a commercial nature and
the thickness was measured (given the regularity of the prod-
uct) in a single point with the aid of a twentieth caliper.
After having made the electrical resistance (i.e., the electric
heater) integral to the specimen, the surfaces having a higher
roughness were sprinkled with a very high-temperature
resistant glue (sprayed on the surface), creating a homoge-
neous and regular layer. The two segments were juxtaposed,
both on the surfaces covered by the glue, thus forming the
final specimen shown in Fig. 4b. Figure 4c illustrates the
final painted sample mounted on the sample holder.

Fig.4 Final stages of sample
manufacturing: a adhesive
deposited on sample surfaces,
b Specimen glued with the
electrical resistance present
between the two pieces and ¢
final painted sample
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Figure 5 shows a schematic drawing detailing the sample
used in the experiments, where each composite plate has
width, height measured with a common metric rod with pre-
cision in the order of mm equal to 203 and 101, respectively,
while the thickness was measured with a millesimal dial
comparator, and it is equal to 0.765 mm. The PVC inclusion
has a thickness of 0.17 mm and is located 0.30 mm away
from the front surface (surface monitored by the thermal
camera). As the thickness of the inclusion inserted into the
composite is very thin, this minimizes the existence of lat-
eral flows in the thermographic images, limiting the blurring
effect and thus facilitating the analysis of the results.

Four different heating scenarios were designed to apply
a thermal excitation to the sample. In scenario 1, a heater
covered with polyimide layers of dimensions 44.00, 19.00,
and 0.10 mm was inserted between the two composite plates
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Fig.5 Schematic drawing of
composite material geometry

Composite

PVC inclusion
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and defect: a front surface and b ys

side view
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(a)

and positioned as shown in Fig. 3a. Note that the particular
symmetry of the heater-composite assembly built in sce-
nario 1 not only allow the numerical modeling to be simpli-
fied, but also it represents the best practice for building the
experimental apparatus used for thermal property estima-
tion of solid materials in case of the plane source method
is used [31, 32]. Indeed, the analysis here reported can also
be considered preliminary to the design of the experiment
aimed at estimating the thermal properties of the composite
material. In scenario 2, two heaters with the same dimen-
sions were inserted into the rear surface and positioned as
shown in Fig. 3b; it is observed that in this scenario there
is a small region in common between the heater and the
defect, but there is no contact between the two. Scenario 3
shown in Fig. 3c is the combination of scenarios 1 and 2,
i.e., there is the central heater between the composites and
two heaters on the rear surface. In scenarios 1, 2, and 3, the
resistances of 20.92 Q were powered by a voltage of 4 V,
generating power in each heater of 0.76 W. In scenario 4,
a heat source of 400.00 W heating power with dimensions
equal to 120.00, 70.00, and 2.00 mm was placed 37.00 mm
away from the rear surface, as shown in Fig. 3d. It is worth
noting that in each scenario analyzed, a symmetric heating
is applied to the sample to localize the inclusion without
thermally stimulate all regions of the composite. This is a
key point of the present work.

The heat transfer in the composite material and the PVC
inclusion that occurs during experiments in different sce-
narios can be summarized by

oT

kV2T = p.c. 2=
1 plcl at

(1)
where i represents the layers of the sample, composite (i=1),
pve (i=2). The k, c, and p are, respectively, thermal conduc-
tivity, specific heat, and density of the materials.

(b)

Front surface

When the existing heat source between the composites is
used, heat transfer occurs in the heater with internal energy
generation, which can be characterized by

oT
V2T +g = prcy - @

where k, c¢,,, and p, are, respectively, thermal conductiv-
ity, specific heat, and density of the polyamide heater. The
volumetric heat source of polyamide heater is defined as g.

For scenarios where heaters are used on the rear surface
(scenarios 2, 3 and 4), partial heat flux in the contour is
considered. All other surfaces are exposed to the convec-
tion boundary condition with ambient air in the laboratory.
Table 1 shows the thermophysical properties considered
for each material composing the sample and used in the
experiment.

Note that in Table 1 the density value for the ER-GF
composite was derived through the density and the vol-
ume fractions of fiber and matrix. In particular, the volume
fractions of the Cytec 919 composite were inferred from
technical data sheet (40% matrix and 60% fiber). Also, the
density of the type “E” glass fiber (p; =2600 kg m~3) was
taken from [37], while the density of the epoxy resin (p,,
= 1112 kg m~3) was calculated as an average of the data
related to four different epoxy resins listed in [35]. Once
the density of the composite (p.) was obtained, its specific
heat capacity (c.) was determined using the mass fractions
and the specific heat capacity of fiber (¢;) and matrix (c,,)
as shown below [38].

Pt p
e = Mo ¢+ Mo nCy = <p_V%r> ¢+ <p_mv%,m> ‘m (3)
C m

where the mass fractions Mg, ¢ and My, ;, can be easily cal-
culated by multiplying the volume fractions Vo, ; and Vy,
by (p¢/p.) and (p,,/p.), respectively. Additionally, the
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(a) (b)
(c) (d)

Fig. 6 Four different scenarios for sample heating: a scenario 1, b scenario 2, ¢ scenario 3 and d scenario 4

Table 1 Thermophysical properties of the materials

Material Thermal Density/

conductivity/W m™' K™! kg m>

Specific heat/
kI kg ' K

ER-GF Com- 0.34 [33] 2005.00 0.85

posite

PVC-Inclu-  0.19 [34, 35] 1380.00 1.06 [36]
sion [36]

Polyimide- 0.29 [37] 1470.00 1.13 [37]
Heaters [37]

specific heat of fiber (¢; = 720 ] kg‘1 K~!) and matrix (o
=129017J kg'1 K'l) was obtained again from [35] and [37],
respectively.

Numerical simulations were performed using the com-
mercial software COMSOL® to solve the heat transfer
problem using the same boundary conditions as the exper-
iments [39]. Initially, the transient problem was solved
during the sample heating phase, and then, the transient
analysis was simulated for the cooling period. Addition-
ally, the PVC inclusion was modeled numerically without
considering the thermal contact resistance with the com-
posite, i.e., only the thermal properties of the materials
were characterized as different. Figure 7 shows the numer-
ical mesh composed of 25,479 tetrahedral elements that
was considered ideal after a mesh convergence study. The
detail of the mesh refinement in the region of the inclusion
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Fig.7 Mesh used in numerical simulations: a overview and b details
on the composite/inclusion interface

can be observed in Fig. 7b, where a greater quantity of
elements was necessary.

Results and discussion
Experimental results

The first experiment refers to the use of scenario 1 where
only a single heater was used to try to detect the defect using
active thermography (Fig. 3a). A heating time of 360 s was
used followed by 344 s of natural convection cooling at
the laboratory ambient temperature of 297 K. The acquisi-
tion rate was 1 s, totaling 704 images acquired during the
experiment. Figure 8 shows the thermographic image at the
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final stage of heating, where the central region can be seen
with a maximum temperature of approximately 323 K due
to the presence of the heater. No difference can be seen in
the image between the region with the defect and the sur-
rounding area. At all other times analyzed, it was also not
possible to observe any difference in the thermal images
that would characterize the presence of a defect in the sam-
ple. Indeed, the low thermal conductivity of the composite
material (see Table 1) does not allow the heat to be easily
diffused throughout the sample. And the distance between
the heater and the defect proved to be large enough to render
the detection of the inclusion impossible.

For scenario 2, the sample was heated for 120 s and the
cooling time was 300 s. Figure 9 shows a thermographic
image obtained at the end of heating using the heating con-
figuration of scenario 2 (Fig. 3b). A symmetrical heating can
be observed in the image, and the maximum temperature
obtained was approximately 313 K. However, no signifi-
cant thermal changes that would characterize the defect were
observed.

As the defect inserted in the sample proved to be diffi-
cult to detect for the chosen heating method, the normalized
excess temperature was evaluated, i.e., the temperature at
each point in the image was subtracted by the ambient tem-
perature (7). The result is divided by the maximum existing
excess temperature, as shown in Eq. 4.

. T-T,
" max(T - T,) ©@

Figure 10 shows the normalized thermographic images with
only the sample surface selected for scenario 2 at times O,
60, 120, 180, 240, and 420 s. At time O s, an almost uniform
distribution on the composite surface can be observed. Dur-
ing heating, Fig. 6b and c is unable to clearly reveal the
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x Pixels

Fig.8 Thermal image inherent to scenario 1 at 344 s
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310
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700 296
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Fig.9 Thermal image inherent to scenario 2 at the end of heating [K]

presence of the defect. During the cooling phase, mainly
at 420 s, the temperature of the defect area (right side) was
higher compared to the left side.

Figure 11 shows three lines in the normalized thermo-
graphic image that were created to analyze the temperature
curves on the sample surface. Line 1 intersects the defect
region, line 2 covers the two heaters, and line 3 does not
intersect the defect and the heat source. The justification
for analyzing the temperature distribution from these lines
stems from the low sensitivity of the problem, thus necessi-
tating a more specific verification to ascertain whether there
are more pronounced asymmetries between the side of the
component with and without defect.

Figure 12 shows the three normalized excess tempera-
ture lines for six different times. At the time of 60 s during
heating, a non-symmetrical behavior in lines 1 and 3 can be
observed, as shown in Fig. 12b. The temperature curve in
line 2 at 120 s (Fig. 12c¢), the end of heating, shows symme-
try between the sides of the sample, thus showing that equal
heating occurred in both heaters during the experiment. Line
1 showed that the right side, the defect region, had a lower
temperature gain than the non-defective side during heating
and part of the cooling; this is due to the low conductivity
of the material. The increase in thermal resistance makes
heat transfer difficult, resulting in a lower temperature in
this region. In line 3, the opposite is observed, that is, there
was a greater temperature gain on the right side compared
to the left. Therefore, part of the amount of heat that should
have been transferred upwards (where the PVC was) went
downwards (less thermal resistance), causing more heat to
accumulate in relation to the left side. At the end of heating,
t = 120 s, the right side of line 1 showed 20% less increase
in temperature compared to the left side; in line 3, there was
10% more increase in temperature. At the end of cooling, t
= 420 s, the defect region had 10%, 20%, and 25% higher
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Fig. 10 Thermal images of
excess temperature normalized
for scenario2: a0s,b 60 s,

¢ 120s,d 180, e 240 s, and
420s

(a)

(e)

temperatures compared to the non-defect side for lines 1,
2, and 3, respectively. Thus, scenario 2 was able to identify
the presence of PVC inclusion due to the non-symmetrical
thermal behaviors observed in the temperature gain lines.
Figure 13 shows the result of the experiment using
scenario 3 (Fig. 3c¢), which had the same heating and
cooling time as scenarios 1 and 2. The thermographic
images obtained presented results similar to previous sce-
narios. The temperature curves analyzed did not present
different results in relation to scenario 2. Therefore, it was
not necessary to present further results for this scenario.
The advantage of this third configuration is having an
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(b)

(f)

additional heater, which can help locate more defects due
to the increased chances of the heat source being closer
to a PVC inclusion.

For what regards the configuration of the last scenario
analyzed (see Figs. 3d), Fig. 14 shows the thermographic
images for the final heating time. In particular, Fig. 14a
shows the general image of the experiment, and Fig. 14b
shows only the composite with three lines created to ana-
lyze the temperature curves. The region on the right side
heated more compared to the left side. This must have
occurred because the PVC-inclusion increased the ther-
mal resistance on the right side of the sample, resulting in
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the accumulation of heat in the region between the center
of the composite and the defect.
Figure 15 shows the excess temperature curves

1 0.8 . . . . .
00 obtained from lines 1, 2, and 3 shown in Fig. 14b. Lines
2 and 3, which do not pass through the defect, showed
200 0.6 thermal symmetry between the left and right sides for all
times analyzed. The times of 60, 120, and 180 s showed
a significant asymmetry between the two sides of the sur-
300 0.4 . . .
face for line 1. Halfway through the heating time, 60 s,
a 20% greater temperature accumulation was observed
400 0.2 on the right side (between the composite center and the
PVC-inclusion). For times of 120 and 180 s, the asym-
metry between temperatures decreased to 15 and 10%,
200 400 600 800 respectively. During the remainder of the cooling time, no
significant thermal asymmetries were observed, probably
Fig. 11 Cut lines in the normalized thermographic image
Fig. 12 Normalized excess  y 1
temperature lines for scenario 2: < Line 1
a0s,b60s,c1205s,d 180, e T g Line 2| | 08l
240's, and £ 420 s g Line 3
Lo6¢t 0.6
[2]
2
s 04f 04
o
Q
No2}
© 0.2
£
5 o ‘ - . .
Z 7 200 400 600 800 1000 0 - - - -
x-pixels 0 200 400 600 800 1000
(a) (b)

0 200 400 600

800 1000 0 200 400 600 800 1000

(c) (d)

1

08}

06f

04

0.2t

0 : ' ' ' 0 ' ' ' '
0 200 400 600 800 1000 0 200 400 600 800 1000

(e)
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Fig. 13 Thermographic images for scenario 3 at the end of heating

due to the heating method that was non-contact with the
sample, resulting in more uniform heat dissipation in the
composite. Therefore, scenario 4 proved to be capable
of capturing the presence of PVC inclusion from active
infrared thermography. This method has an advantage
over others due to the larger heating area reached in the
sample, being able to detect defects in different locations
using the same experiment.

Numerical results

Numerical analyses were performed using COMSOL® soft-
ware. From experimental scenario 2, two different configu-
rations were numerically simulated. Figure 16a shows the
front view with two heaters arranged in the same way as
in the experiments—scenario 2a. Alternatively, in Fig. 16b,
the heaters were placed to overlap the defect—scenario 2b.
Figure 16 includes a center line that divides sides A and B
of the analyzed surface. All parameters and properties set in
the simulation were the same as in the experiments, with the

Fig. 14 Thermographic images
for scenario 4 at the end of heat-
ing: a temperature distribution
[K] and b normalized excess 200
temperature distribution [-]

100

2 300
& 400
>

500
600
700

200 400 600
x Pixels

(a)
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800 1000

natural convection coefficient considered equal to 10 W m~2
K~!, characterizing the ambient air inside the laboratory.

Initially, a model validation study was carried out based
on scenario 2a, comparing the results on the frontal sur-
face at the final heating instant (120 s) of the experiment
(Fig. 17a) and numerical simulation (Fig. 17b). The behav-
ior of the temperature distributions are similar; however,
a difference was observed among the maximum tempera-
tures obtained, that in the experiment was 313 K and in the
numerical simulation was 315 K. This difference may be
due to the heat losses that occur in the experiment due to the
thermal contact resistance existing between the heater and
the composite, and also between the layers of the sample.
A horizontal cut line was created on the surface center to
analyze the temperature curves and provides a better com-
parison among numerical and experimental results.

Figure 18a shows the experimental and numerical tem-
perature distributions on the dotted white line drawn in
Fig. 17, where temperature differences exist mainly in the
heater region. Figure 18b shows the relative error between
the experimental and numerical temperatures, with the max-
imum value of 4 %, thus validating the numerical model
developed in COMSOL®.

Subtracting the images from sides B - A (Fig. 16a),
Fig. 19a shows the thermal contrast of this scenario, where
regions of positive and negative thermal contrasts were
observed. A contrast of 0.3 K was obtained at the inter-
face region between the heater and the PVC inclusion, that
is, side B heated more than side A due to the existence of
increased thermal resistance in this location. A thermal con-
trast of —0.1 K was obtained in the defect region, because
the heat could not be transferred with the same efficiency
on side B compared to side A. From the simulated results
for scenario 2a, it was possible to obtain quantitative mark-
ers that indicate the presence of a defect in the composite.
However, low thermal contrast values make it difficult to
obtain the same results from the experiments.

[K] 1
400
380 0.8
360

0.6
340

0.4
320
300 0.2

200 400 600
(b)
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Fig. 15 Normalized excess 1 :
temperature lines for scenario 4: g ~——Line 1
a0s,b60s,¢120s,d 180, e Bosh | —Line 2| |
240 s, and £ 420 s ] —Line3
£
206 1
[]
7]
¢ |
3 0.4 J
el
[0}
No2 1
®©
£
2 0o 260 460 6(I)0 860 0 : : : :
. 0 200 400 600 800
x-pixels
(@) (b)
1 T T T
0.8 1
0.6 1
047 1
0.2 J
0 200 400 600 800 0 200 400 600 800
(c) (d)
1 . . .
0.8 1
0.6 1
04 1
0.2 1
0 200 400 600 800 0 200 400 600 800
(e) ()

Fig. 16 Front view of numeri-
cal model: a scenario 2a and b
scenario 2b
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Fig. 17 Thermal image at the 313[K] K]
final instant of heating (120 s): 315
a experiment and b numerical 310
simulation
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295 295
(b)
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Table 2 Percentage of Scenarios Thermal asym- image of the defect. Therefore, this last scenario was ideal

thermal asymmetry from the

! metry/%
normalized excess temperature
in experiments 1 0

2 25

3 25

4 20

Subtracting the images from sides B - A (Fig. 16b),
Fig. 19b shows the thermal contrast for the simulation in
scenario 2b. In this case, a positive thermal contrast of 0.3 K
in the heater center, and surrounding regions with negative
thermal contrasts of —0.1 K, resulting in obtaining a clear
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for detecting the PVC inclusion inside the composite mate-
rial. However, this last scenario would require to thermally
stimulate different regions of the composite as it does not
foresee a symmetric heating of the sample.

Results summary

Table 2 shows a summary of the thermal asymmetry
obtained from the experimental results. In percentage terms,
comparing the right and left sides of the composite sample,
scenarios 1, 2, 3, and 4 showed differences in normalized
temperature excesses of 0, 25, 25, and 20 %. On the one
hand, the simulated thermal images showed useful markers
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to identify PVC inclusion; on the other hand, the thermal
asymmetries reinforce the numerical analyses thanks to the
normalized excess of temperature strategy.

Therefore, the main advantages that can be highlighted in
the use of localized heating scenarios when compared with
flash or long pulsed thermography methods, such as flash
or long pulsed thermography, are: (i) The heated area can
be controlled more precisely, allowing specific areas to be
selected and better control local temperature and heat dis-
tribution; (ii) Reduction in external interference is achieved,
as the influence of environmental variations due to air cur-
rents or changes in ambient temperature would be reduced,
resulting in more consistent and reliable images; (iii) Local-
ized heating may be more suitable for irregular or curved
surfaces, as it would guarantee a more uniform distribution
of the applied heat.

However, localized heating has limitations and chal-
lenges, such as the need to prepare the experimental appa-
ratus to ensure good contact between the heater and the sam-
ple. Another disadvantage would be the inspection time, due
to the need to change the heater positions to identify the
defect in the blade structure.

The applicability of the proposed method in terms of
technology transfer could be foreseen in case of integration
of the test pieces with a robot devoted to change recursively
the position of the heaters.

Conclusions

In this active thermography experimental study, four dif-
ferent scenarios were evaluated to identify a defect in com-
posite material structures of turbine blades. The results
obtained provided a comprehensive view of the capabili-
ties and limitations of each experimental setup. Scenario 1
did not show sensitivity for detecting the defect due to the
significant distance between the heat source and the PVC
inclusion. As the composite material has low thermal con-
ductivity, the heating method chosen in this work requires
the heat source to be close to the defect to be able to help
detect its thermal signature.

Scenario 2 with two heaters was able to show asym-
metries between the regions with and without defects,
making it possible to use the method to track this type of
failure. Scenario 3 presented thermal responses similar
to scenario 2 to verify the defect in the composite mate-
rial. Scenario 4, which used a larger heater in the cen-
tral region, proved to be effective in characterizing the
defect and may be more appropriate for a greater variety
of anomaly possibilities due to its greater capacity to heat
the composite, also increasing the possibility of reducing
the distance between the heat source and the defect. The
quantitative results when comparing the regions with and

without defects on the surface of the composite sample
showed differences in normalized temperature excesses of
0, 25, 25 and 20% for scenarios 1, 2, 3 and 4, respectively.
Numerical analysis showed that if the heater and inclusion
are overlapping, the defect reconstruction can be achieved
with greater accuracy, provided that all the regions of the
composite are thermally stimulated.

Based on the analyses carried out, it is possible to con-
clude that the appropriate heating depends on the specific
characteristics of the sample and the type of defect to be
identified. The applied heating needs to guarantee that the
heat will be able to reach the still unknown defect; there-
fore, multiple heaters or a large heater may be the best
strategy. The work, explained in a didactic way, should be
considered of interest for university students passionate
of infrared thermography. The work, indeed, leaves open
the doors for more accurate quantitative evaluations of the
results already found.
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