Figure 15: Cooling curves for a sound and a defective point on the surface (reflection case) for varying defect
sizes: 250pm, 500pm, 1000um

e Cooling Curves:
Figure 15 shows the cooling curves for a sound and a defective point point on the steel surface. In the
reflection experiment the defective area is temporarily hotter than the sound area, due to the insulating
properties of the blowhole defect. The defect sizes are 250um, 500um, 1000um.

e Summary: To analyse the effect of the defect size on the thermographic image we compute the thermal
contrast curves, i.e. the difference of the cooling curves of the sound and the healthy point for each defect
size, respectively. In figure 16 we observe that the larger the defect, the higher the thermal contrast.

3.3 Outline of Future Experiments

There are several experiments that would further improve the understanding of the processes that are relevant
for thermographic defect detection and localization.

e Rigorous analysis of the varying depth: The data for a defect of constant size but varying depth
needs to be analyzed more systematically. One goal could be to determine critical time intervals that
give the biggest temperature difference between the defect area and and the sound surrounding area.
These time intervals will presumably differ with the defect depths and depend on the camera position
(i.e. reflection or transmission detection). This could lead to a second goal, which is, how these shifts
can be used to locate the defect more accurately.

e Analysis of the effect of the defect size: The next step would be to vary the defect size at constant
depths in order to understand how this quantity influences the thermal images. Supposedly, larger
defects (in horizontal directions) will produce higher temperature differences.

e Combined analysis for depth and size: The previous experiments should be combined in order to
detect and localize defects in a more reliable manner.
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Figure 16: Thermal contrast curves for defect sizes 250um, 500um, 1000pm.

e Analysis of model dimensions and boundary conditions: The model dimensions could be chosen
to be closer to the dimensions that arise in the final application, also, there are other boundary conditions
one could think of.

e Validation of the models: In order to validate the numerical results they have to be compared to
experimental data, possibly even for different materials that are better understood.

4 Defect detection

4.1 Single frame detection strategy

The numerical simulations described above suggest that the thermal behavior of a defect has the greatest
deviation from that of a sound area in the very initial stages of the cooling curve. For this reason we concentrate
our attention on the first few time frames.

In order to reduce the influence of the fact that the steel slab is heated unevenly (see figure 17), we apply
the two-dimensional spatial Laplacian to the data from an initial frame, computed using a central difference
scheme. The use of the two-dimensional Laplacian can also be motivated by the following formulation of the
three-dimensional equation of thermal conductivity:
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where T'(t,z,y, ) is the temperature at (z,y,2) at time ¢ and « is the thermal conductivity. Equation (6)9
can be viewed as the one-dimensional heat equation

or o
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where f(z,y, z,t) = al;T can be interpreted as a source function (caused by the defects).

Our conjecture is that the spots where the Laplacian is the greatest in absolute value are either defects or
spatial noise (e.g. scratches, dark spots, etc.). In order to distinguish between spatial noise and actual defects
we need to study the cooling curves corresponding to the “problematic” spots.
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Figure 17: Sample frame, (reflection technique, sample 5).
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Figure 18: images of an initial time frame and its Laplacian - large sample 6
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4.2 Difficulties and solution ideas

Our numerical experiments suggest that the greatest deviation in the cooling curve of a defect from the cooling
curve of a sound material is in the very initial stages right after the maximum temperature is reached. This
indicates that we have the greatest chance of detecting a defect by looking at the first few time frames of
the relevant data in the maximum temperature range. Since this is the period when the cooling rate is the
greatest and the highest temperature range of the infrared camera® used is 150 — 350°C, we only have three
data points at the most belonging to this temperature range. There are cases where there is just a single point
in this most significant range. This can prevent us from finding a good approximation of the relative shift
between the neighboring ranges. A consequence of errors in the shift is the occurrence of discontinuities in the
temperature distribution for time frames after the matching. These jumps will be picked up by the Laplacian
(see figurel9), so the error detection method described in section 4.1 will not give reasonable results. Also, we
realize that the last few time frames do not occur in the interpolated cooling curves of all pixels, confirming
that shifting errors in the range of several time frames are present.
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Figure 19: images of an initial time frame and its Laplacian - small sample 6

Due to the monotonicity, whenever no extrapolation is necessary, the first relevant point of the lower
temperature range can be located uniquely between two points of the higher range. So in most cases, the
errors only occur in the fractional part. This part should be the same for all pixels as it is also the fractional
part of the relative shift between the time reference frames associated to the two temperature ranges. That
is why we average the fractional part over all values hoping that the average is a good approximation of the
actual value.

However, this does not lead to any improvement, in fact the temperature plots show even more disconti-
nuities than before (see figure 20).
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Figure 20: images of an initial time frame and its Laplacian - small sample 6

So very likely, errors occur in the integer part as well. Hence, we directly calculated the shift between the
time reference frames, but that did not help either. This strongly suggests that at least parts of the problem
lies in the data. Indeed, figure 4a shows that the second and third data points are almost identical, whereas
the fourth and fifth differ significantly. In theory, as they lie exactly one time frame right of the second and

9FLIR (SC 6000) Photonic detector Resolution: 640x512 pixels, Speed: 120 Hz (fps), Temperature sensitivity: 0.01°C
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third point, they should also be close together. This shows that the data from the different temperature ranges
do not agree, which naturally causes difficulties when trying to match them.

In conclusion, it is critical to have as many points as possible in the highest temperature range of the
cooling curve.

5 Discussion and future work

Our numerical experiments show that the highest temperature ranges are most important for error detection.
That is why it is crucial to avoid shift errors especially in this temperature range. For that, an additional
calibration range capturing high temperature values could be helpful, as it would provide more data points in
the higher temperature range and allow better data matching.

If that is not available, the errors caused by wrong data might be avoided by repeated measurements. In
any case, with the data at hand, it seems almost impossible to accurately detect defects.
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