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Modeling and simulation of Pulse thermography: comparison with measurements
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Abstract

Pulse thermography as non-destructive testing method is applied on aluminium specimen with five flat bottom
holes and the temperature distribution on the front surface of the specimen is recorded by IR camera. Used experimental
setup is modelled by the finite element method. After simulation, temperature decay curve is read for multiple
characteristic pixels on the front surface of aluminium specimen. Results are compared.

1. Introduction

Pulse thermography has been widely used as a method for non-destructive testing of machine parts [1 -3]. The
method is non-contact and non-intrusive and can be easily applied to both small and large work pieces. Applicability and
repeatability to polymer materials [4, 5], composite materials [6, 7] and metals [8, 9] has been proven. In this research,
the experimental setup of pulse thermography will be modelled by the finite element method. The model will be validated
by comparing the actual temperature distribution measurements on the aluminium specimen with the simulation results in
multiple characteristic points on specimen surface.

2. Pulse thermography

Pulse thermography is one of active infrared non-destructive methods. Used IR camera is middle wave cooled
FLIR SC 5000 and external heat source is Xenon flash lamp able to emit 6000 in 1/440 seconds. Front surface of
aluminium specimen is covered with black paint coat with high emissivity (¢ = 0.95). Experimental set-up is shown in the
Fig. 1.a. The drawing of the aluminium specimen is shown in the Fig. 1.b. The overall specimen dimensions are
200x200x10 mm. Five flat bottom holes (FBH) were milled on the back surface of the specimen. Each FBH has diameter
of 40 mm and varying depth of 2, 3.5, 5, 6.5 and 8 mm, respectively. Acquisition frequency is 100 Hz and recording time
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interval is 10 s. Sequence of 1000 thermal images is recorded.
Fig.1. a) Experimental setup: b) aluminium specimen drawing

In first column at Fig.2. maximum thermal contrast
thermal images are shown. On every thermal image two areas
marked, one corresponding to defected zone, and second
corresponding to sane zone. For every thermal image, thermal
curve for selected pixels is given on the right (second column in
2). As aluminium is excellent thermal conductor, and
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surrounding air is thermal isolator, it is expected that surface upon damaged areas will longer stay wormer.

As expected, maximum thermal contrast is achieved on top of the deepest hole, with depth of 8 mm (Fig. 2.a., top right
corner). On thermal image, two characteristic pixels are selected: one in the middle of defected area (x4,y,), and second
on sane (xg, ys) area. In Fig. 2.b are shown thermal decay curves for selected pixels: red curve is for pixel selected on top
of the damaged area, and blue curve is for pixel selected on top of sane area. Sane area is chosen near the defected
area, so that the effect of uneven heating is kept to a minimum. Useful part of recorded sequence is middle part, from
first thermal image recorded after saturation to the last thermal image recorded in time when thermal balance is
achieved. As shown on thermal decay curve, thermal balance is achieved after approximately 3 seconds.

For shallower FBH, chosen sane area remained the same. As the distances between damaged and sane pixels
increased, effect of uneven heating increased too. As we see in the Fig. 2.c - 2.f, as the depth of the hole decreases, the
maximum thermal contrast on the cooling curve also decreases. For shallowest holes, Fig. 2.g — 2.j., not enough thermal
contrast is achieved.
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Fig. 2. First column — maximum thermal contrast thermal image; second column — thermal decay curves

In Fig. 3. temperature distribution for y = 53 is shown. Line is crossing two out of five FBH, with depth of 6.5 and

8 mum, respectively. On temperature profile (Fig. 3.b.) both holes have major temperature contrast compared to surface
temperature. Temperature profile can be used for quantitative analysis of the size of the damaged area, since from the
points of inflection of the temperature profile we can read the diameters of the damage.
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Fig. 3. Temperature distribution for line y=53
A finite element model was made according to this procedure of testing. The model was valorised by comparing
multiple measurements and simulations.

3. Model configuration

Finite element model consists of two domains, air and aluminium specimen, as shown at Fig. 4.a. A tetrahedral
meshing was adapted with average element size of 0.2 mm. Properties of the mesh are given at Fig. 4.b. Energy transfer
is described by conduction, convection and radiation, more about the used heat transfer equations is given in the
literature [10]. When defining the initial conditions, the environment has the properties of air (real gas). The specimen is
made of aluminium alloy 6060. The density of the alloy p = 2.70 g/cm3, the coefficient of thermal conductivity k =

210 W/mK and the specific heat capacity cp = 898 ]/kgK are known. The initial temperature is room temperature,
T = 294 K. The pressure is atmospheric. The air flow speed is 0.1 m/s, which corresponds to the stagnant air in the
room. Heat flux is given on one surface (flash unit). The given heat flux is a time-varying function and describes the heat
pulse in a real test. The junction of different domains was created as an interface that transfers energy from the
surrounding fluid to the aluminium specimen and from the aluminium specimen to the surrounding fluid. The heat transfer
parameters are set on the specimen surface. The convection coefficient between the stationary air and the aluminium
surface for temperature differences up to 10 K is 5 W /m2K. The emissivity coefficient of the specimen is set to 0.95 since
the aluminum specimen is painted black of known emissivity. The background emissivity coefficient on the specimen was
set at 0.75, which corresponds to the mean emissivity coefficient.

Bodies 2
Active Bodies 2
Nodes 568422
Elements 3173452
Mesh Metric Skewness
Min 5.594593E-06
Max 0.799770
Average 0.214180
Standard Deviation 0.114738

Fig. 4. a) Finite element mesh; b) mesh details
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4. Results

Fig. 5. and Fig. 6. shows the temperature distribution on the specimen surface over tme t = 0s, t = 0.1s,
t =02s,t=05s,t=1s,t=2s,t=35s,t=5s calculated from finite element model and measured by IR
camera, respectively. By comparing the thermal images during cooling time, we can see that finite element model and
the response of the actual specimen to the heat flow recorded by the IR camera are following the same behavior of
temperature decay. Significant noise levels are present in the thermal images recorded by the IR camera, as these
images are not subjected to signal processing.

The Fig. 7. shows the cooling curves for characteristic pixels (FEM) and in given time interval, the sampling
frequency of the data is 50 Hz. All cooling curves reach thermal equilibrium in about 3 seconds (150 time steps). The
maximum temperature contrast achieved for the deepest damage is 2 °C (from 301 K to 299 K). The Fig. 8. shows the
cooling curves for characteristic pixels (IR measurements) and in given time interval, the sampling frequency of the data
is 100 Hz. All cooling curves reach thermal equilibrium in about 3 seconds (300 time steps). The maximum temperature
contrast achieved for the deepest damage is 2 °C (from 28 °C to 26 °C). FEM model describes the actual measurement
very well.
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Fig. 5. Temperature distribution on the front surface of specimen (Ansys): a) t=0 s; b) t=0.05 s; c) t=0,1 s; d) t= 0.5 5; €)
t=1s;f)t=2s;g)t=3.5s; h)t=5s
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Fig. 6. Temperature distribution on the front surface of specimen (FLIR): a) t=0's; b) t=0.05 s; c) t=0,1 s; d) t= 0.5 s; €)
t=1s;f)t=2s; g) t=3.5
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Fig. 7. Cooling curves for characteristic pixels (FEM)
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Fig. 8. Cooling curves for characteristic pixels (IR mesaurements)

Validation of the finite element model is key step for optimization implementation. The finite element model will
be associated to the multy-disciplinary optimization package. In the optimization process, thermal coefficient will be set
as optimization variable (e.g., thermal diffusivity), and the target function will be the minimum deviation between the
cooling curves of the model and the measurement. In this way, it will be possible to estimate the thermal coefficients in a
non- conventional way.

5. Conclusions

In this research, pulse thermography was modelled with finite element method. Experiment modelling can be
used to define acquisition parameters from thermal decay curve. It is possible to determine the time at which the
specimen will regain thermal equilibrium with the environment after external excitation for the selected material and
specimen dimensions.

In future research, this finite element model will be used to evaluate the thermal properties of material for known
geometry of specimen.
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