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Abstract: This study developed a non-destructive testing (NDT) method using infrared
thermography to inspect tubes with holes and slots made by electro-erosion and additive
manufacturing. CO2 was used as a tracer gas to verify the opening and evaluate the flow
shape from the holes and slots. To improve the signal contrast, a controlled hot background
was used as a reference, and infrared cameras monitored the thermal response to detect
flow variations caused by different geometries. The tests included different diameters,
pitches, and aspect ratios, comparing results between additive manufacturing and electro-
erosion under various conditions. Moreover, a preliminary setup using compressed air and
inductive heating was developed to assess hole openings by cooling the piece, aiming to
eliminate CO2 use. The comparison of results, the post-processing analysis of quantitative
indices, and specific thermal features enabled a non-destructive evaluation of the holes by
using different technologies, providing an assessment of the opening conditions, outlet,
geometry, and flow shape.

Keywords: infrared thermography; CO2 flow; compressed air; additive manufacturing

1. Introduction
The cooling of complex mechanical components, such as those of gas turbine nozzles,

is crucial for enhancing performance and maintenance [1–5]. Advanced cooling systems
help to maintain theoretical temperature conditions, increasing component reliability and
ensuring structural integrity. Non-destructive techniques can be employed to detect the
closure or partial obstruction of cooling holes before the service or during operating condi-
tions [1–5]. This approach allows us to prevent system failures by monitoring overheating
in inadequately cooled areas and excessive cooling in others.

In particular, considering the case of turbine blades as real components, film cooling
is implemented through openings that extend across the entire surface of the blade. The
closure of individual openings during operation can lead to blade failure. Therefore,
thorough quality control is typically conducted before delivery.
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A modern approach to this quality control is through thermographic transmission
measurement, which can reliably detect blocked openings. During the measurement, hot
air passes through the turbine blade, and the holes surrounding it are observed with a
thermographic camera. In this regard, an R&D work was carried out under the BMWi
funding program ZIM, titled “VOLGAST”, by some researchers in the Bundesanstalt für
Materialforschung und -prüfung (BAM) [6], and the patent DE102006043339A1 [7] is related
to this methodology.

This preliminary work involves an experimental investigation of cooling hole systems,
starting with simple geometries such as tubes with holes and slots created by Electrical
Discharge Machining (EDM). The study will then extend to advanced processes such as
additive manufacturing (AM) technology, specifically using the Laser Powder Bed Fusion
process (L-PBF), producing some specimens with similar geometries.

The non-destructive technique used in this work is the infrared thermography (IRT)
technique, adopting various sensors and excitation sources [6–19].

An experimental campaign with an innovative setup for tests was carried out using
carbon dioxide (CO2), opaque to the infrared spectrum (around 4.3 µm), to assess the total or
partial closure of single holes and evaluate the flow shape under different configurations. This
involved comparing the behavior of unobstructed holes (normal operating conditions) with
partially occluded ones. Additionally, a preliminary investigation using compressed air as the
cooling gas explored the potential to differentiate between closed and open holes without the
use of CO2, still employing infrared thermography as the non-destructive technique.

2. Material and Methods
2.1. Experimental Setup and Campaign with CO2

Figure 1 shows the experimental setup adopted in this work for the first evaluation
of hole integrity and flow evaluation with CO2 and infrared thermography. A controlled-
temperature heated panel (A) was used to ensure uniform heating across both space and
time (temperature target set at 50 ± 0.2 ◦C within 10 min). The heated panel was used
to create an appropriate thermal contrast in the measurement zone when the gas (CO2)
passed through the examined samples (B). For the regulation and measurement of the CO2

flow, a pressure regulator was employed to regulate the inlet pressure, along with a flow
regulator (C).
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Figure 1. The setup used to acquire thermal data during the flow tests.

Three different sensors were integrated into the measurement system:

• Ambient temperature (D)
• Absolute pressure (E)
• Gauge pressure (F)
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Through the MultiDES system control software IRTA2, developed by DES, it was
possible to activate the solenoid valves to allow the passage of CO2 through the circuit.
Simultaneously, the acquisition of thermal sequences could be managed through the in-
stalled thermal sensor (G), a Teledyne FLIR-cooled A6751 thermal camera (MWIR 3–5 µm,
lens 25 mm) equipped with a CO2 filter (CWL: 4300 ± 40 nm; HW: 200 ± 25 nm; Tavg:
87%—transmission; blocking: 190–30,000 nm).

Different specimens (Figure 2) realized in EDM were constructed, considering a
complete Design of Experiments (DOE) in which the diameter of the holes and the step
between two consecutive holes change; in particular, for each tube, 4 rows of holes per side
were realized, for a total of 2 tubes (specimens), 16 arrays, and 96 holes (exit angle 90◦). The
DOE followed the scheme reported in Table 1.
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Figure 2. An example of one of the investigated specimens, featuring two specific arrays of holes,
representative of the common geometry of the specimens.

Table 1. The DOE that summarizes the 16 cases investigated, considering 2 tubes, 16 arrays, and
96 holes (EDM technology).

Hole Diameter (mm) Edge Distance—Step (mm)

0.5 1

0.7 1.5

1 2

1.4 2.5

After different preliminary tests, an experimental campaign of 16 tests, and related
replications (5×), was carried out on these configurations, with all the holes open for each
array and the others closed using a special aluminum adhesive tape. The tests were carried
out at the same fixed gauge pressure level. Table 2 reports the test parameters related to
acquisition and boundary flow conditions. The total duration was about 30 s for each test
(the steady state conditions were reached in the flow meter after 15 s of testing). To increase
the geometrical resolution, specific tests were performed, adding a ring spacer before the
lens of the sensor.

Table 2. Acquisition parameters and boundary flow conditions, EDM tubes and holes.

Integration Time
(µs)

Temperature
Range
(◦C)

Geometrical
Resolution
(mm/pixel)

Frame Rate
(Hz)

Pressure Level
(bar)

Flow Reading
(L/min) Number of Tests

2.37 −10–55 0.003–0.13 125 fixed different 16 × 5

Considering the additive manufacturing process as an innovative technology to pro-
duce cooling holes, some specimens were realized that could be considered real cases and
were investigated with the same setup and technique. Some preliminary tests were carried
out considering one of the produced specimens (Table 3, 4 cases considering all the holes
open) as a representative case of this technology and the problems related to it (trapped
powder, different diameters with respect to the intended nominal one, etc.). The same
parameters reported in Table 2 were adopted for these tests.
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Table 3. Additive manufacturing (AM) components—hole theoretical diameters and steps between
two holes for each array.

Hole Diameter (mm) Edge Distance (mm)

0.8 2.2

0.9 2.2

1 2.2

1.1 2.2

2.2. Experimental Setup and Campaign with Compressed Air

As preliminary evaluation, some tests were carried out by means of thermal methods,
using compressed air instead of CO2. The adopted setup is shown in Figure 3, including
a cooled sensor (FLIR A6751sc, MWIR 3–5 µm, lens 50 mm) and a ZVS inductor (1000 W,
100 kHz) to heat the specimen, bring it to a temperature of about 100 ◦C, and create a contrast
with respect to the compressed air used to cool down the holes. The inductor was controlled
by adopting a function generator to define the pulse duration and switching the power supply
ON/OFF. The test consisted of heating the specimen to a uniform temperature with the
inductor (about 2 min) and then the release of compressed air through the circuit, monitoring
the cooling down with an infrared sensor. After some preliminary tests with different pressure
values (from 0.5 to 2 bar), a low-pressure setpoint of just 0.5 bar was adopted. A motorized
guide was used to move the inductor away from the piece and make the view clear during
the cooling phase.
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Figure 3. The setup used to acquire the thermal data during the tests with compressed air.

The adopted test parameters are reported in Table 4. The tests were carried out
considering one array and the AM tube.

Table 4. Setup parameters for tests with compressed air.

Integration Time
(ms)

Temperature Range
(◦C)

Geometrical Resolution
(mm/pixel)

Frame Rate
(Hz) Number of Tests

0.97 10–90 0.15 300 5

3. Procedure for Data Analysis and Preliminary Results
3.1. Data Analysis with CO2

To analyze the acquired raw thermal data, different strategies and algorithms were
adopted. The following steps outline the procedure:

(a) Signal Background Evaluation: The signal background was assessed as the mean of
10 frames acquired at the beginning of the test, prior to the application of the CO2 flux.
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(b) Steady-State Condition: After reaching steady-state conditions, a thermal sequence of
duration 2 s (250 frames) was acquired.

(c) Mean Evaluation: The mean values of the thermal data were computed along the
third dimension (time), resulting in a single thermal map.

(d) Background Subtraction: The assessed signal background was subtracted from the
mean thermal map calculated in (c).

(e) Cumulative Frame Subtraction: The mean background subtraction (a) point) was
applied to each frame of the acquired sequence, and then the resulting frames were
summed. The cumulative frame subtraction was an algorithm present in the IRTA 2
software (by DES) that allowed us to enhance the signal to noise ratio.

(f) Applying the PCA algorithm: The Principal Component Analysis (PCA) was based
on singular value decomposition algorithm, as described in [14–17], considering the
first component as representative of the obtained results.

Considering a profile at a certain height (350 row) that is the distance from the opening
hole in the thermal map (Figure 4, point e), it is possible to obtain a result like the one
shown in Figure 4. The obtained result is a peak, which resembles a Gaussian distribution,
with a certain amplitude, standard deviation, and area (Table 5). These thermal features
were considered for flow evaluation.
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Figure 4. Schematization of adopted procedure for data analysis: (a) thermal map obtained as
synthetic result after cumulative subtraction, profile line 350 (3 mm on flow exit), hole diameter 1 mm;
(b) Gaussian fitting of taken profile.

Table 5. Extracted thermal features from analyzed profile.

Thermal Features amplitude standard deviation area

Different profiles at different heights (rows) were considered to evaluate the influence
of this parameter and the flow behavior near and far from the hole.

To analyze the shape and behavior of a flow, a contour plot of the obtained thermal
map (point d) is reported (Figure 5), which visualizes the flow distribution with lines
representing equal signal values of the CO2 distribution. The slopes of these lines indicate
the direction of the flow: an inclination towards the left or right shows the flow’s directional
bias, while the central region may reflect minimal or balanced variation. Different contrast
levels between contour lines reveal how sharply the flow changes and its inclination relative
to the normal. Comparing slope differences between the left and right sides of the center
allows us to identify any asymmetry in the flow. Additionally, the angle between the
contour lines and a reference direction provides insights into how the flow orientation
aligns with the normal or other directions.
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3.2. Data Analysis with Compressed Air

To investigate the possibility of recognizing an open or closed hole by means of ther-
mal methods and without CO2 (setup shown in Figure 3), different algorithms were tested
during the cooling caused by the introduction of compressed air to the component previ-
ously heated to a constant temperature with a thermal inductor. In particular, considering
the characteristic cooling behavior of the signal near the hole edges, some algorithms such
as a derivative analysis and an analysis of the slope increase with the number of frames
at each step, as described in [18,19], were considered. Moreover, different polynomial
fittings, repeating the procedure pixel-by-pixel and evaluating the first instants following
the introduction of compressed air, were also explored.

4. Results
4.1. Results with CO2

Following the described procedure, the results shown in Figure 6 were obtained for
an array of six holes, using cumulative subtraction and the previously detailed analysis
parameters. Figure 6a demonstrates a smooth and nearly perpendicular flow from the jet
exit for each hole.

A quantitative analysis was then carried out by examining each hole’s flow individu-
ally, separating the different peaks, and fitting the data with a Gaussian profile (Figure 6b).
After a signal rescaling with respect to the background (subtraction of the absolute mini-
mum value related to the different profiles and the absolute value of the obtained result),
the results, summarized in Table 6, show very similar amplitudes, standard deviations, and
area values, confirming the homogeneity of the flow behavior across the array of holes.

Table 6. A Gaussian fitting, considering the results reported in Figure 6, for a case with a hole
diameter of 0.7 mm and a step of 1.5 mm.

Gaussian Fitting (D 0.7 mm, Step 1.5 mm) Hole1 Hole2 Hole3 Hole4 Hole5 Hole6

amplitude 452 446 449 465 443 454

standard deviation 3.19 3.28 3.38 3.17 3.30 3.27

area 2544 2648 2489 2600 2604 2641

area (trapz) 2538 2644 2476 2598 2600 2632

flow reading tot (@ steady state) [L/min] 13.2 13.2 13.2 13.2 13.2 13.2
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Similar results can be obtained in the case of the analyses of different arrays with different
diameters (same step between the holes). An example is reported in Figure 7, in which all the
holes are open (same pressure, different flow readings), but have different diameters.

Eng. Proc. 2025, 85, 15 8 of 12 
 

 

 
(a) (b) (c) (d) 

Figure 7. Results after cumulative subtraction for array with same step (1.5 mm) but different diam-
eters: (a) diameter 0.5 mm, (b) diameter 0.7 mm, (c) diameter 1 mm, (d) diameter 1.4 mm. 

The quantitative results are presented in Table 7. As expected, significant differences 
were observed, particularly in correlation with the hole diameter. This is especially evi-
dent for the analysis of the thermal features related to the sigma of the Gaussian profile. 

Table 7. Gaussian fitting, considering results reported in Figure 7, for arrays with different diame-
ters but same step. 

Gaussian Fitting Ø 1.4 mm Ø 1 mm Ø 0.7 mm Ø 0.5 mm 
amplitude 628 434 418 326 

standard deviation 6.71 4.45 3.29 2.44 
area 5942 3404 2523 1912 

area (trapz) 5923 3381 2565 1908 
flow reading tot (steady state—L/min) 14.8 14.1 13.4 11.3 

When analyzing the additive manufacturing specimens, the behavior often differed 
significantly from that observed for holes manufactured using EDM. It was common to find 
holes where the flow was tilted with respect to the vertical direction, as illustrated by the 
results in Figure 8 (hole diameter 0.9 mm, step 2.2 mm). The data shown in Figure 8a were 
analyzed using the same algorithm and analysis time as before. These results, along with 
the contour plot in Figure 8b, confirm that the flow was not homogeneous. Specifically, the 
flow from the first hole has a significantly lower intensity than the other five (indicated by 
the absence of the 0.4 level). Unlike the EDM case, the jets do not converge into a single flow 
at the upper part but instead couple in pairs. The slopes of the various jets (dashed black 
lines in Figure 8a) generally lean to the right. To verify this behavior and rule out any de-
pendency on boundary conditions, such as the possible presence of an unexpected lateral 
air jet, the test was repeated on the left side, yielding very similar results. 

As a synthetic and quantitative result, the slope corresponding to the absolute values 
of the minimum flow level for each jet is presented in Table 8, confirming the previously 
discussed qualitative results. This slope was determined by fitting a straight line to the 
blue contours shown in Figure 8b (from row 500, up to row 200). Additionally, the mini-
mum flow value for each hole, representing the maximum intensity in each case, is also 
reported in the same table. Hole 1 shows, as expected, the lowest intensity value. 

Additionally, a powder residue was observed around the holes, specifically in the 
area with the highest absolute signal value near the jet region. Generally, for all the holes, 
the presence of residual powder influences the flow, resulting in a lower intensity around 
the area where the jet begins. 

Figure 7. Results after cumulative subtraction for array with same step (1.5 mm) but different
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The quantitative results are presented in Table 7. As expected, significant differences
were observed, particularly in correlation with the hole diameter. This is especially evident
for the analysis of the thermal features related to the sigma of the Gaussian profile.

Table 7. Gaussian fitting, considering results reported in Figure 7, for arrays with different diameters
but same step.

Gaussian Fitting Ø 1.4 mm Ø 1 mm Ø 0.7 mm Ø 0.5 mm

amplitude 628 434 418 326

standard deviation 6.71 4.45 3.29 2.44

area 5942 3404 2523 1912

area (trapz) 5923 3381 2565 1908

flow reading tot (steady state—L/min) 14.8 14.1 13.4 11.3
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When analyzing the additive manufacturing specimens, the behavior often differed
significantly from that observed for holes manufactured using EDM. It was common to find
holes where the flow was tilted with respect to the vertical direction, as illustrated by the
results in Figure 8 (hole diameter 0.9 mm, step 2.2 mm). The data shown in Figure 8a were
analyzed using the same algorithm and analysis time as before. These results, along with
the contour plot in Figure 8b, confirm that the flow was not homogeneous. Specifically, the
flow from the first hole has a significantly lower intensity than the other five (indicated by
the absence of the 0.4 level). Unlike the EDM case, the jets do not converge into a single
flow at the upper part but instead couple in pairs. The slopes of the various jets (dashed
black lines in Figure 8a) generally lean to the right. To verify this behavior and rule out
any dependency on boundary conditions, such as the possible presence of an unexpected
lateral air jet, the test was repeated on the left side, yielding very similar results.
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Figure 8. Results obtained considering analysis of AM specimen—case with hole diameter 0.9 mm
and step 2.2 mm: (a) map related to analysis after frame subtraction, with dotted lines that highlight
the slope of the flux and (b) contour plot.

As a synthetic and quantitative result, the slope corresponding to the absolute values
of the minimum flow level for each jet is presented in Table 8, confirming the previously
discussed qualitative results. This slope was determined by fitting a straight line to the blue
contours shown in Figure 8b (from row 500, up to row 200). Additionally, the minimum
flow value for each hole, representing the maximum intensity in each case, is also reported
in the same table. Hole 1 shows, as expected, the lowest intensity value.

Table 8. A Gaussian fitting, considering the results reported in Figure 8b, for the analysis of an array
of an AM specimen.

Contour Plot Analysis (Ø 0.9 mm, Step
2.2 mm—AM Material) Hole1 Hole2 Hole3 Hole4 Hole5 Hole6

slope coefficient −9.81 −6.69 −9.88 −8.11 −16.98 −8.34

flow intensity (absolute minimum value) −0.39 −0.48 −0.49 −0.51 −0.47 −0.50

Additionally, a powder residue was observed around the holes, specifically in the area
with the highest absolute signal value near the jet region. Generally, for all the holes, the
presence of residual powder influences the flow, resulting in a lower intensity around the
area where the jet begins.
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4.2. Results with Compressed Air

Figure 9a shows the thermal behavior of the specimen as it cools down, starting when
the thermal inductor is no longer above the hot surface and the compressed air valve is
opened. Figure 9b focuses on the analysis of the first few frames immediately following
the cooling process. Specifically, only the initial 0.2 s, corresponding to 22 frames, were
analyzed after the injection of compressed air into the specimen. The frame captured just
after the coil was switched off was subtracted as a reference, and the slope in a double-linear
scale was assessed. This analysis reveals a significant difference in the signal around the
hole, attributed to the cooling effect of the compressed air in these localized areas. These
results confirm that all the holes in this specimen were nominally open, consistent with
previous data obtained using CO2 as the primary flow. The holes located at the extreme
positions (marked as 1 and 6) suffer from boundary conditions effect and exhibit a lower
cooling slope.
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5. Conclusions and Outlooks
The obtained results demonstrate the effectiveness of thermal methods in evaluating

the flow behavior across various configurations, using CO2 as a tracer gas. This study
analyzed different scenarios, including traditional EDM processes used for producing cool-
ing holes and innovative technologies such as additive manufacturing. A comprehensive
experimental campaign was conducted to assess the influence of hole diameter and spacing
(i.e., the distance between consecutive holes) using an innovative setup where the fluid
itself was the object of measurement. Various strategies, post-processing algorithms, and
thermal features were identified to characterize the flow under different conditions and
from multiple perspectives.

A qualitative analysis of the results provides insights into the inclination with respect
to the vertical direction and the shape of the flow. In contrast, the extracted thermal features
and specific profile analyses offer a quantitative assessment of flow behavior. The analysis
of the additive manufacturing results reveals both qualitative and quantitative information
about residual powder around the holes and deviations in flow inclination from a perfectly
perpendicular condition.
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A preliminary investigation using compressed air as the cooling fluid further demon-
strated that thermal methods can effectively demonstrate an open-hole condition without
the need for CO2.

Future works will explore the extraction of additional thermal features to describe
flow behavior using thermal methods in both configurations. This will include the analysis
of similar and other specific tubes, as well as real components produced through AM and
EDM, featuring more complex geometries with open and closed holes and slots of varying
aspect ratios.
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