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Abstract

The Flying-Spot infrared thermography was introduced more than twenty years ago to detect
narrow cracks. Recent progress made in optical control, lasers and infrared cameras allows
extending the Flying-Spot technique for a quantitative thermal analysis. In this work, we
propose a Constant Velocity Flying Spot to measure the in-plane thermal diffusivity of
isotropic and anisotropic materials. We demonstrate that the logarithmic temperature profiles
perpendicular to the laser motion are parabolic functions from which the thermal diffusivity
along this direction is obtained. We have investigated two equivalent experimental
configurations: (a) Moving laser with motionless sample and (b) moving sample with
motionless laser spot. Both are of practical interest: the first one leads to identify thermal
heterogeneities in macroscopic samples and the second one leads to measure the thermal
properties of materials in in-line production processes. Measurements performed on calibrated
samples (from insulators to good thermal conductors) with both configurations confirm the
reliability of the method to measure the in-plane thermal diffusivity with an error less than

4 %.

! Corresponding author. Email: christophe.pradere @.u-bordeaux.fr

1

© 2019 published by Elsevier. This manuscript is made available under the CC BY NC user license
https://creativecommons.org/licenses/by-nc/4.0/


https://creativecommons.org/licenses/by-nc/4.0/
https://www.sciencedirect.com/science/article/pii/S1290072918308780

1. Introduction

Photohermal infrared thermography is an efficient tool to characterize the thermal diffusivity
of solids. The flash method, both in the rear-face [1] and in the front-face [2] configurations,
is a well-established technique for measuring the in-depth thermal diffusivity. In this method,
a flat flash beam illuminates the whole sample surface homogeneously. Measuring the in-
plane thermal diffusivity, instead, requires generating a thermal gradient along the surface. To
do this, several illumination schemes have been proposed: a Gaussian spot [3-9], an annular
area [10-12], a line or a strip [13-15] and a grid-like mask [16]. Measurements can be
performed in the time-domain (pulsed excitation) or in the frequency-domain (modulated

excitation).

In the nineties, with the aim of studying large surfaces in short times, it was introduced the so-
called Flying-Spot infrared thermography. It consists in heating the sample surface with a
moving continuous wave (cw)-laser spot and detecting the surface temperature field with an
infrared video camera [17,18]. Since then, this technique has been developed and is suitable

for the detection of defects, mainly vertical cracks, in a very fast and efficient way [19-27].

When an extremely short laser pulse heats the sample surface of a motionless isotropic and
opaque material, the surface isothermals are concentric circles at all subsequent times. In a
recent paper [9], authors demonstrated that the in-plane transient temperature profiles in
natural logarithmic scale, Log(T), are parabolas and that the inverse of the second order
coefficient of these parabolas behaves linearly as a function of time, the slope being directly
related to the thermal diffusivity. This linear relation provides an excellent method to measure
the thermal diffusivity in a fast and accurate way. The main advantage of this technique is that
identifying the second order coefficient of the parabolas requires only few pixels around the

heating spot.

In this work, we propose a method to measure the in-plane thermal diffusivity of opaque,
isotropic and anisotropic samples based on the so-called Constant Velocity Flying Spot
(CVES), when a cw-laser spot is moving at a constant velocity along a straight line at the
sample surface. In this case, increasing the motion speed leads to enhance the asymmetry of
the surface temperature field. However, we will demonstrate that the transverse profiles of
Log(T) with respect to the direction of the laser motion are still parabola and that the inverse

of the second order coefficient of these parabola is a linear function of the distance to the laser



spot. From the slope of this straight line, the thermal diffusivity along the direction

perpendicular to the laser motion can be derived easily.

It is worth writing that this method is also valid when the laser spot is motionless and the
sample is moving at a constant velocity. This last configuration is of practical interest since it
allows measuring the thermal diffusivity in in-line production processes, where
heterogeneities, i.e. local changes in the thermal properties, can be detected in real time with a

processing time less than 1 s on a I7 core with 128 Go of RAM computer.

To check the ability of the method to measure the thermal diffusivity efficiently using the
CVES, two experimental configurations have been designed. In the first one (Conf I), the
sample is motionless while the laser is moving at constant velocity. In the second one
(Conf II), the laser is motionless while the sample is moving at a constant velocity. In both
cases (Conf I and II) the sensor (IR camera) is motionless. In-plane thermal diffusivity
measurements performed in both configurations using calibrated samples covering a wide
range of thermal diffusivities (from insulators to good thermal conductors) confirm the

reliability of the method.

2. Material and experimental methods
2.1 Setups

Figure la and Figure 1b represent the Conf I (Motionless sample and moving laser). A cw
laser diode (976 nm, 330 mW) is used to heat the surface of a sample. A Dual-Axis Scanning
Galvo System (Thorlabs GVS112/M) is used to control the displacement of the laser spot at a
constant velocity over the surface. A 160 mm focal length lens is used to reduce the spot
diameter at 25 um on the surface. With such a focal length, the scanning area is a
(11 x 11) cm square and minimum displacement is 4.5 um. A dichroic mirror, treated to
reflect 95% of the visible light from 700 nm to 1000 nm and to transmit 95% of the infrared
radiation between 2 and 16 pm, is used to direct the laser beam perpendicularly to the sample
surface. The radiative emission of the sample surface is recorded by an IR video camera
(FLIR SC7000, 320 x 256 pixels, pitch 30 pm, spectral band from 7 to 14 pm) equipped with
a 25 mm focal length lens, which provides a spatial resolution of 250 + 4 um per pixel. More

details on the setup can be found in Ref. [9].
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Figure 1: Experimental setup (developed at I2M lab) with a moving laser spot: a) sketch of
the system and b) photo from the top. Experimental setup (developed at DFA) with a moving
sample: c) sketch of the system and d) laser at fixed position and moving sample at constant
velocity.

In the second setup Conf II (motionless laser spot and moving sample), which was developed
at the Photothermal Techniques Laboratory in Bilbao, the laser spot is motionless and the
sample is moved at constant velocity. The sketch of the experiment is shown in Figure 1c and
Figure 1d. A cw laser (532 nm, up to 6 W) is directed by means of several mirrors and it is
focused on the sample surface by a 10 cm focal length lens down to a radius of about 150 pm.
A Ge window, which reflects visible light and transmits the IR wavelength, is used as a

visible light filter for the camera. A small mirror, glued to the Ge window, allows the laser
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beam to impinge the sample surface perpendicularly. An IR video camera (FLIR, model
SC7500, 320 x 256 pixels, pitch 30 um, spectral band from 3 to 5 um) records the
temperature field at the sample surface when it moves at a constant speed, v. An IR
microscope lens is used to improve the spatial resolution of the IR camera down to 30 um,
with a field of view of 9.60 mm x 7.68 mm. The sample is mounted on a dynamic system
(cart + track) that is coupled to an electronic system to control the speed of the cart between

2.5and 10 cm.s™.

2.2 Constant Velocity Flying Spot (CVFS) methods

Regarding the setup of the Bilbao research group Conf II (motionless laser spot and moving
sample), the speed of the sample is measured by counting the number of frames between the
entrance and the exit of one end of the sample in the field of view of the camera and taking
into account the length of the sample and the frame rate of the camera. In this way, the sample
speed is measured with an uncertainty of less than 0.5%. We worked at the maximum frame
rate allowed by the IR camera: 330 frames/s at full frame and up to 2000 frames/s applying a
sub-windowing (320 x 70 pixels) with an integration time of 800 us. On the other hand, in
order to enhance the signal to noise ratio, several hundred of thermograms are averaged after
reaching the steady state. For a comparison, we show in Figure 2 the single thermogram and
the average thermogram corresponding to a Ni sample moving along the horizontal axis at
6 cm.s’!. As can be observed, the noise reduction is remarkable and using this averaged
thermogram the sample thermal diffusivity will be obtained with high accuracy, as it will be

shown in section 5.

a) b)



Figure 2: (a) Single thermogram and (b) averaged thermogram over several hundreds of
thermograms corresponding to a Nickel sample moving downwards at 6 cm.s™..

Due to the versatility of the galvanometric system, an infinite number of different shapes
could be generated for the laser displacement. In this study, a line is applied for the spot

motion.

To understand the measurement ability, an example of CVFS realized on a PVC sample is
represented in Figure 2.a. according to the following experimental conditions: (i), continuous
laser beam with 6 mm.s"' velocity, (ii) the diameter of the focused laser beam equal to
d =25 pum, (iii), power of 330 mW. While the parameters for the acquisition of the
temperature fields are: (i), the spatial resolution of a pixel of the infrared camera is fixed at
250 £ 4 pm per pixel, (ii) the acquisition frequency of the camera is set at 200 Hz, (iii) the
integration time is taken to be 500 us, and (iv) acquisition takes place over a period of

t =5.3 s, representing 1050 images.

As illustrated in Figure 3, the laser beam scans the sample surface at constant speed as
function of time along the y axis. As a first step, it is interesting to note the quality of the
measurements with low noise levels. From these measurements, the scanning speed is
determined by direct analysis of the measured temperature fields. For this purpose, an average
of the film is produced in the direction x as illustrated in Figure 4. This makes it possible to
obtain an image I(y,r) for which it is possible to estimate the average speed of the laser.
This image depicted in Figure 4.a shows the great regularity of the displacement due to the
homogeneity and isotropic properties of PVC sample. From this space-time image, the

maxima of each of the lines are extracted as well as their corresponding times. These points



are shown in Figure 4.b in order to determine the speed. In this example, a speed of about

6 mm.s’! is obtained.
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Figure 3: Excitation at constant scanning speed and with the laser continuously lit in the
camera reference: a), temperature field at t = 0 s, b), temperature field after at t = 1.25 s, ¢),
temperature field at t = 3.7 s and d) temperature field after completion of the sweep at
t=53s.
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Figure 4: a), Image I(y,t) of the mean of the film T(x, y,r) made in the x direction and b),

points representing the maxima according to y traced as a function of time for the estimation
of the velocity of the laser beam.

From the knowledge of the average velocity of the laser scan, a change of mark can be
performed (according to the processing method depicted in section 3.2) and represented
Figure 5. This step consists in an interpolation of the temperature field from space and time

representation 7'(x,y,t) to space temperature 7 (x,y) corresponding to the one of the laser

once the steady state has been reached.
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Figure 5: Excitation at constant scanning speed and with the laser continuously lit in the laser
spot mark: a), temperature field after 6 mm of scanning, b), temperature field at the end of
scanning.



2.3 Analysis of velocity and frequency dependencies

Observations from Figure 5 allow introducing the effect of both the laser velocity and the
acquisition frequency from the IR camera. Depending on the value of these two parameters
the reconstructed 2D spatial fields would be different. Increasing the acquisition frequency
will increase the number of the acquired images. In such a case, the velocity of the laser spot
will not be affected whereas the spatial resolution will be increased. To illustrate this fact, the
estimated velocity, corresponding to the following cases: (i), continuous laser beam, (ii) the
diameter of the focused laser beam equal to d =25 um, (iii), power of 330 mW, while the
parameters for the acquisition of the temperature fields are: (i), the spatial resolution of a pixel
of the infrared camera is fixed at 250 um (with an uncertainty of + 4 um) per pixel, (ii) the
acquisition frequency of the camera is set between 25 to 629 Hz, (iii) the integration time is

taken to be 500 ps are represented in Figure 6.
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Figure 6: Laser displacement at constant velocity for different camera acquisition rates: a),
displacement in pixel as function of number of images and b), displacement in mm as
function of time.

To conclude it is important to notice that increasing the acquisition frequency is a way to
increase the spatial resolution of the measurements when using a change of mark from the one
of the camera image to the one of the laser spot. This is particularly easy due to the very high

control or accuracy of the laser velocity.



2.4 Materials

Measurements will be performed on the samples presented in Figure 7. This sample panel is
composed of several isotropic and anisotropic materials going from thermal conductors to
insulators. The sample in Figure 7.a is an isotropic and insulating 15 cm x 15 cm Plexiglas
plate. The one in Figure 7.b is an orthotropic 12 cm x 14 cm carbon / epoxy plate elaborated
with fibres oriented along one direction. The one in Figure 7.c is a 9 cm x 3 cm Zinc plate.
The thickness of each sample is not the same, but in this study, where the experimentation is
performed in the front face, it has no influence on the modelization of the proposed method

and the experimental results.

a)

Figure 7: Sample to characterize: a) isotropic Polyéthylene, b) anisotropic carbon / epoxy
composite with fibres oriented along the vertical direction and c) isotropic Nickel.

3. Thermal modelization of the Constant Velocity Flying Spot (CVFS)

3.1 Transient thermal problem in the mark of the camera

Let us start considering an anisotropic, opaque and semi-infinite sample illuminated by an
extremely brief (Dirac) pulse laser of Gaussian laser beam of radius b (at 1/e*). We make the
Cartesian reference frame coincide with the principal axes of this anisotropic slab. The

geometry of the problem is illustrated in Figure 8.
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vt

Figure 8: Front surface of an anisotropic sample illuminated by a Gaussian laser beam. a), the
laser spot is at rest, centered at the origin and b), the laser spot is moving to the right at
constant velocity v. It was switched on when it was at the origin (dotted circle).

In the absence of heat losses and for an infinite medium in z direction, the temperature rise

above the ambient at the sample surface is given by [8]:

ex exXp
20n 1 p[ b2+8a t [ +8a tj

(1
nEzz \/E \¢b2+8a t +8a Z

T(x,y,0,t)=

Here Q, is the energy of the laser pulse, 77 is the energy fraction absorbed by the sample, a is
the thermal diffusivity and E is the thermal effusivity. Subscripts xx, yy, zz stand for the
thermal properties along the principal axes.

If the laser spot is displaced a distance [ to the right, along the principal axis y, and we deposit

a small amount of energy dQ,, then, following Eq. (1), the temperature is given by:

2 _2(y-1)
exp| - 2x exp 2( )

2 1 b* +8a_t b +8a, 1
pod \/E \¢b2+8aﬂt 1[b2+861 t

dT (x,y,0,t) = )

=

Now we consider a cw laser of power P, and Gaussian profile of radius b (at 1/e?) moving to
the right at constant velocity v. The laser is switched on at t = 0, when it is at the origin of

coordinates. The energy delivered by this laser in a short time df is dQ, = P,dt. The surface
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temperature at time ¢, when the laser is at a distance y = vt, is given by the convolution

integral (see Figure 8.b)

2
eXp( 2x° ] exXp 2(y vT)

2Pn b +8a, (t-7) 5 +8a, (1-7)

C
nE,, ! Ja(t-1)  p*+8a, (1-7) Jb* +8a, (1-1)

T(x, y,OJ)= dr 3)

This equation allows us to calculate the surface temperature field at any time ¢ after the laser
was switched on, in the reference frame of the sample as illustrated in Figure 9. Simulations
have been performed for an isotropic sample with @ = 1.107 m%.s™! and the laser moving at

v=6 mm.s}, the power Pp =300 mW, 77=1, e;; =538 J. K '.m2s? et e =100 um.

a) b)
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Figure 9: Excitation at constant scanning speed and with the laser continuously lit in the
camera reference. a) Temperature field at t = 2 s, b), temperature field at t = 5.3 s.

3.2 Transient thermal problem in the mark of the Laser spot

If we are interested in measuring the thermal properties of a sample moving at constant
velocity, we heat it with a laser beam, which remains at rest. To calculate the surface

temperature in the laser mark we perform just a change in the reference frame in Eq. (3):

Let us consider the same anisotropic and infinite medium in z direction sample, as before
moving to the left at constant velocity v, while the laser is at rest. The sample frame is (x,y,z)
and the laser frame is (x’,y’,z’). The laser is switched on at t = 0, when both reference frames
are superimposed (see Figure 10.a). At time ¢ the sample is displaced to the left a distance

y’ = -vt (see Figure 10.b).
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Figure 10: Front surface of an anisotropic sample moving to the left at constant velocity v,
while the laser spot is at rest. a), The sample frame is (x,y,z) and the laser frame is (x’,y’,z")
are superimposed at t = 0, when the laser was switched on and b), At time ¢ the sample is
displaced to the left a distance y’ = -vt.

To calculate the temperature field in the laser frame we perform a change of coordinates since
y =y’ + vt. The exponentials in Eq. (3) can be transformed as y - vi=y  + vt —vI=y + v(t —

D) and x = x’. Accordingly, the temperature in the laser frame is:

, 2

exp| - 27 exp _2[2)’ +V(t—r)]

2 b* +8a_ (l - T) b +8a.vy (l - T)
T(x',y,0,t)=—=2

P”r 1
nE. O n(i-1) b +8a, (1-7) \/bz +8a, (1-7)

L T 4)

It is worth mentioning that this problem was already solved by Gupta and co-workers for a

moving isotropic fluid by solving the heat diffusion equation with a transport term [28].

From Eq. (4) the surface temperature field at any time ¢ after the sample started moving can
be calculated. Figure 11 shows the temperature fields at two different times after the sample
started moving. Simulations have been performed for the same isotropic sample as in

Figure 9, with @ = 1.107 m%.s™! and the sample moving at v = 6 mm.s™.
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Figure 11: Excitation with the laser continuously lit and the sample moving at constant
velocity. a) Temperature field at # = 0.2 s and (b) temperature field at = 5.3 s.

According to the Relativity Principle, both Eq. (3) and Eq. (4) give the same temperature
field. This result can be appreciated by comparing Figure 9b and Figure 11b, where the same
thermogram is obtained regardless whether the laser or the sample is moving. Accordingly
any procedure, moving the laser or moving the sample, can be used to retrieve the thermal
transport properties of the sample. In Figure 12 we show the simulations of the natural
logarithm of the temperature profiles in the direction perpendicular to the movement for the
same material as in Figure 9 and Figure 11, when the steady state is reached. As can be
observed, far away from the laser spot the temperature profiles look like parabolas. This result
suggests the possibility of using the same method as in Ref. [9] for measuring the in-plane
thermal diffusivity. However, Egs. (3) and (4) are convolution integrals and it is difficult to
develop an inverse procedure to retrieve the thermal diffusivity. That is the reason why we
introduce in the next subsection a simplified theory to calculate the steady state temperature
field if the heat diffusion along the laser movement direction is neglected. This assumption
leads to an analytical expression of the surface temperature. It is worth mentioning that the
validity of this simplified model increases with the laser speed and with the thermal

diffusivity of the sample.

14



0 2 4 6 8 10
X, (mm)
Figure 12: Logarithmic temperature profiles along the direction perpendicular to the laser
movement (x) at several distances from the laser spot (y). Simulations have been performed

for the same material and speed as in Figure 9 and Figure 11. The laser spot is centered at
x =5 mm and y = 40 mm.

3.3 Simplified model in stationary state

After having determined the scanning speed, the passage of the camera's reference mark (ie a
transient 3D problem) to that of the laser beam (permanent 3D problem) is carried out and
illustrated in Figure 5 and Figure 11 with respect to the principle of the scheme Figure 8 and
Figure 10. This change of reference can be reflected in the equations in the form of a change

of variable. This change of reference transforms the time variable t into the variable v/y

where v is the laser beam velocity and y is the distance travelled by the latter.

With these considerations, the complete thermal problem could be written in steady state for a

source point as follows:

07T, (x,y,2) 0°T, (x,y.2) 0°T, (x,y.2)
[ = axx - 2 + azz " 2
! dy Ox 0z
Tvy(x,y =0,2)=0
o), 5)
Ox x:i%
oT (x,y, oT, (x,y,
_ V)(x y Z) Z&J(x—xo)d_(y—yo) ; U(x y Z) =0
07 - A, 0z -
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Here a strong hypothesis is made assuming that the heat diffusion along the transport

62Tvy (x,5,2)

5 is not taken into
dy

direction could be neglected. As a consequence, the term a s

account to solve the thermal problem. This strong hypothesis is plausible when the velocity
can be considered as important compared to the diffusion assuming that the Peclet number is

larger than 10.

With the previous system of equations, a double Laplace and Fourier transforms can be

applied to the system according to the following formulation:

=+loy e
6a,.p.2)= [ [T, (x.y.2)cos(@,x)exp(~py)dady (©6)
2

By application of the boundaries conditions and the integral transformed equation (6) the

solution in the transformed space is obtained:

P
6(a,.p.z) = : exp{—z )
AZ7\/axx aﬂz + }p
ClZZ a

By using the inverse properties of the Laplace transformed (i.e. translation and scale

properties), the expression of the temperature field in the real space is obtained:

2
v x—x 2
exp —)(4 ) exp 0t
P, a.y da_y

T (x,y,2)=
) pCPV}’ ”axx y ﬂazz y
v) V}

)

where xo is the spatial coordinates of the laser spot versus x direction (m); ., a;; represent the
thermal diffusivities versus the x and z directions (m%.s™'); Py is the power of the laser (W),
and A, corresponds to the thermal conductivity in z direction (W.m™'.K™"), and / (m) is the
lateral dimension of the sample, vy (m.s™) is the laser or sample velocity along y direction, p
(kg.m?) is the mass density and C, (J.kg~'.K™!) is the specific heat. Due to the experimental
configuration, the measurements are performed at the surface of the sample (i.e. in z = 0),

with this condition, the temperature is expressed by:
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2
exp| - v, (x xo)
P, 4a_y

pCy, |ma,y |ma,y
\% \%

T, (x,y,2=0)= 9)

y y

Here it is very important to notice that the solution equation (8) is also available when the
CVES is applied along the x direction. In that case, the complete problem could be solved and

the new expression of the temperature is given by:

2
exp{_VX(y_yO) J
P, da_x

Yy

pC Vs T, x |7, x
V %

X X

T (x,y,z=0)=

(10)

From an estimation point of view, it will be necessary to perform two kinds of thermal
excitations: one along x and one along y directions to be able to estimate the thermal
diffusivities along y and x directions. Finally, the following method should be used according
to the direction of anisotropy of the sample. Future method based on the paper [10] would be

addressed if an angle exists between the imaging axes and the orthotropic one.

4. Inverse processing

4.1 The Logarithmic Parabolic Method

The consideration of the spatial logarithm of the previous expressions (9) and (10) then yields

the following expressions according to the x and y directions:

kj_vy (x-x)’

log [Tvy(x, v,2= 0)] =log L_

y 4a,.y
k _ 2
log[T,, (x, y.z =0)] = log(;j —% (11)

Yy

with k=

B
2C,\Ja,,Ja.
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The expression (11) can be used to obtain a polynomial relation of order 2 only as a function
of the space x, y and the velocity v. This development reveals 3 coefficients function of v and
¥ the spatial coordinate that must be estimated to determine the thermophysical properties of
the problem. These properties will be estimated perpendicularly to the direction of the

velocity term in other words of the scanning with the laser beam:

log[Tvy(x, v,Z= 0)] =B oM+ B, (y)x+ ,vaz(y)xz

(12)
10g[ T, (x, 3,2 =0)] = By () + B (1) y + B2 (1))
with
V\' VX
= —_— ; - X = -
ﬁt’,VZ(y) 4axxy ! 2( ) 461”,)(,'
v‘,x vx
B,(n= B ()= 2 (13)
2a_y 2a, x
vox,’ k voy2 k
/Gv.vo(y):_ y70 +10g[_j ;lgvxo(x):_x_%ﬂog[—j
4a_y y 4ay), X

Several comments arise from the previous expressions:

. ,52 is dependent only on the thermal diffusivities ax and ayy. It is thus a suitable way

to verify the in-plane homogenous transfer at different location, independent of the

transverse heat transfer and the position of the spot.

e  When the in-plane thermal diffusivities were estimated using [3,, the estimation of xp
and yo could be conducted with the ,81 parameter or with the direct relation between

,81 and ,32.

* The estimation of ,30 is directly related to a 1D front face flash experiment. For

example, the TSR method [6] could be used to estimate the parameter on an log(T)

versus log(x) or log(y) graph representation and also take into account the heat losses.

4.2 Gauss-Markov inverse method
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The inverse processing method consists in a linear least square method based on the logarithm
of the temperature. The particularity of this method is to realize this inverse processing as
function of the space and along the direction of the CVES of the expressions (9) and (10).
Nevertheless, the reconstructed spatial problem comes from the transient movie converted by
using the method of section 3. For this reason, the noise of each pixel (i.e. spatial
reconstruction of the temperature) is related to the noise associated to each pixel along time.
Then, the measurement noise is considered uniform on the distribution and expressed as

follows:

T(X, y,Z= O) = T()C, Y,Z= O) + eT(x,y,ZZOJ,-) 14)

where €, ) is the random fluctuation added to a signal T'(x,y). It is considered to have a

zero mean and uniform standard deviation (covariance matrix is diagonal). Moreover as the
estimation could be performed along x or y directions linked to the main direction of the

CVES, the equation (14) can be rewritten as follow for each direction:

T,(x,,2=0)=T (x,y,2=0)+ep, , .o,

- ’ (15)
T,.(x,y,2=0)=T (x,y,2=0)te, ., -

where i represents the index of the variable corresponding to the direction of the CVFES. In
agreement with the equation (12) a polynomial fitting can be implemented as function of the

spaces x or y and the parameter g can be estimated by using a linear least-square

relationship. It can be expressed as a linear combination of the logarithm of the measured

temperature II{T(x,-,y)J or ll{f(X,y,-)J as function of the parameter to estimate and the space

variable as follow:
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og[ T ]| 1y v ][ B

: = : B... ¢ for x direction
log[T(xy. ]| L1 Y Y’ ||B.s

and

I log[f(x, yl)] 1 ox  x By

: =|: : B, ¢ for y direction

_log[f(x,yM)] 1 ox, x° :va,z

(16)

The method of least squares assumes that there is constant variance in the noise, but in this
case, the method of weighted least squares must be used because the ordinary least squares
assumption of constant variance in the noise is violated (heteroscedasticity). The optimal

estimation then yields:

B, = (SyTWSy)_1 S,"Wlog [f(xi, y)J along x direction
and (17)
B, = (SXTWSX)_1 S "Wlog [f(X, y,»)] along y direction

where W is given by the diagonal elements of the variance—covariance matrix in the noise and

Sx and Sy the sensitivities matrix linked to the different space direction.

Finally, when the coefficients of the polynomial are estimated, a second linear Gauss-Markov
method is applied between the estimated second order coefficient and the inverse of the
distance (x or y) to realize a linear fit based on the relation (13) to retrieve the thermal

diffusivity.
4.3 Validation of the inverse processing on analytical case

Even if the simplified proposed model is available in steady state and for high Peclet number,
this formulation is not exact in terms of the true modelization of the complete problem
depicted by equations (3) and (4). To study the error and bias of the simplified proposed
model and inverse method, the two cases coming from the exact analytical solutions are

minimized here.
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First from the exact analytical method of Eq (3), where the laser is moving and the sample is
at rest, the inverse processing depicted in section 4 is applied on the image case coming from
Figure 9. The results relative to the parabolic fit of equation (12) are represented in Figure 13a
for several positions. To point out the bias caused by the simplified proposed model and

method, the residue of the fit is represented in Figure 13c. These residuals calculated as

log(T(x, yl.,tf)
ﬂvy()(y) + ﬂvyl(y)x + ﬂvyZ(y)xz

follow: €= 100(1 - demonstrated that close to the laser spot,

the bias is important with non-constant error and bias close to 5%. Whereas, far from the spot
where the assumption of the model (steady state and high Peclet number) are satisfied, the
residual are quite constant with value lower than 10°%. Finally, in Figure 13b, the linear fit
between the second order of the estimated coefficients of the polynomial is represented. First,
it is important to notice that close to the laser (where the model is biased) the linearity of the
estimated data is not consistent. The same problem occurred very far where no thermal
gradient subsists. Nevertheless, the estimation performed far from this border effects allows
1

us to obtain an estimated thermal diffusivity of 9.89.10° m2.s™! for a true value of 1.107 m2.s’

meaning an error of 1.1%.
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Figure 13: Validation of the proposed simplified method on exact analytical solution of
equation (3): a), Parabolic fit of equation (12), b), linear fit of equation (13) and c), error € of
the parabolic approximation.

Secondly, from the exact analytical method of Eq (4), where the sample is moving and the
laser is at rest, the inverse processing depicted in section 4 is applied on the image case
coming from the Figure 11. The results relative to the parabolic fit to equation (12) are
represented Figure 14.a for several positions. To point out the bias caused by the simplified
proposed model and method, the residue of the fit is represented in Figure 14.c. These
residuals demonstrate that close to the laser spot, the bias is important with non-constant error
and biased close to 5 %. Whereas, far from the spot where the assumptions of the model
(steady state and high Peclet number) are satisfied, the residual are quite constant with value
lower than 107 %. Finally, in Figure 14.b, the linear fit between the second order of the

estimated coefficients of the polynomial is represented. First, it is important to notice that
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close to the laser (where the model is biased) the linearity of the estimated data is not
consistent. The same problem occurred very far where no thermal gradient subsists.
Nevertheless, the estimation performed far from this border effects allows us to obtain an

estimated thermal diffusivity of 9.95.10% m2.s! for a true value of 1.107 m2.s!

meaning an
error of 0.5%. Here it is important to notice that the change of mark previously depicted
drastically increase the number of point (Figure 14.b) of the inverse processing. The
consequence of this is a better spatial resolution and accurate estimation of the thermal
diffusivity. Finally from an experimental point of view the uncertainty on the pixel size is

around 1.5% and the one (see figure 6) on the velocity estimation is around 1%.
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Figure 14: Validation of the proposed simplified method on exact analytical solution of
equation (4): a), Parabolic fit of equation (12), b), linear fit of equation (13) and c), error € of
the parabolic approximation.

23



To conclude this part it is important to note that the proposed simplified model is precise
enough to perform thermal diffusivity estimation based on CVFS technique with bias lower

than 1 %. Note that this bias is not linked to the noise which will introduce more error.

5. Experimental results and discussion on homogeneous and orthotropic sample

To validate the parabolas method proposed in this work, we have measured a set of samples
with calibrated thermal properties, covering a wide range from insulators to thermal
conductors: Polyethylene, Polyether-ether-ketone (PEEK), stainless steel AISI-304, Ni and
Zn. Moreover, a carbon / epoxy composite with the carbon fibres unidirectionally aligned has
been studied to verify the ability of the method to characterize the thermal diffusivity of
anisotropic samples. Both the Bordeaux setup, with the moving laser, and the Bilbao setup,

with the moving sample, have been used.

As an example, we show in Figure 15 the results on Polyethylene using a moving laser
(Conf1 from Bordeaux team) at 8.5 mm.s'. Measurements have been performed in two
orthogonal directions to verify the isotropy of the sample. Figure 15.a and Figure 15.b show
the temperature fields, while Figure 15.c shows fittings of the parabolas. Finally, Figure 15.d
shows the linear relation between the inverse of the second order coefficient of these
parabolas and the longitudinal distance with respect to the laser spot. From the slope of these
straight lines the thermal diffusivities along the two orthogonal directions are obtained
according to the formula Eq (13): axn=1.48x10"m%s! and ay, =1.55x10"7 m%s'. Both
results are very close, confirming the isotropy of the material, and in agreement with the

literature value [30].

In Figure 16 we show the results on Ni using a moving sample (Conf II from Bilbao team) at
6.6 cm.s™!. The retrieved thermal diffusivity is a = 20.4x10° m%.s!, which agrees with the

literature value [30].

Finally, in Figure 17 we show the results for the carbon / epoxy composite (Conf I from
Bordeaux team). Figure 17.a and Figure 17.b show a clear anisotropy in the temperature
fields, i.e. heat propagates much longer along the x-axis, the direction of the carbon fibres.
The retrieved thermal diffusivities confirm this thermal anisotropy: @ = 3.53x107° m2.s™! and

ayy= 4.77x107" m%.s™! (thermal anisotropic ratio of 7.4). These values are in good agreement
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with the literature ones [9,10,31]. Table 1 summarizes all measurements performed in this
work. Finally, the following method should be used according to the direction of anisotropy
of the sample. Future method based on the paper [10] would be addressed if an angle exists

between the imaging axes and the orthotropic one.
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Figure 15: Measurement on Polyethylene sample: a) Reconstructed temperature field in the
mark of the laser for the laser moving along y direction, b) reconstructed temperature field in
the mark of the laser for the laser moving along x direction, c¢) example of parabolic fit along
x direction (ie for the temperature field a)) and y direction (ie for the temperature field b) and

d) linear fits along x and y directions.

Table 1. Retrieved thermal diffusivities (x10% m?.s™') values using the parabolas method. The
uncertainty is less than 4 %.

Thermal diffusivity | Thermal diffusivity | Thermal diffusivity

Sample (moving laser) (moving sample) (Literature)>®-32
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Polyethylene 0.148-0.155 0.14-0.18
Carbon/epoxy Il 3.53 3.8
Carbon/epoxy L 0.48 0.45-0.64

PEEK 0.20 0.18
AISI-304 4.0 3.95
Ni 20.4 22
Zn 43 41.8
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Figure 16: Measurement and method on Nickel sample at 6 cm.s™': a), Reconstructed
temperature field in the mark of the laser for the sample moving along the y direction, b),
linear fits along y direction.
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Figure 17: Measurement and method on 1D carbon / epoxy Composite sample at 8.5 mm.s™:
a), Reconstructed temperature field in the mark of the laser for the laser moving along y
direction, b), reconstructed temperature field in the mark of the laser for the laser moving
along x direction, c), example of parabolic fit along x direction (ie for the temperature field
a)) and y direction (ie for the temperature field b)) and (d), linear fits along x and y directions.

6. Conclusion

We propose a method to measure the in-plane thermal diffusivity of (an)isotropic samples

using the Constant Velocity Flying Spot IR thermography, where a laser spot scans the

sample surface along a straight line at constant speed. The method consists in studying the

surface temperature field in logarithmic scale. Using a simplified model, which neglects heat

propagation in the direction of the laser movement, we have demonstrated analytically that



the transverse profiles of Log(7) with respect to the laser movement are parabolas. The
inverse of the second order coefficient of these parabolas depends linearly on the distance to
the laser spot, its slope giving the thermal diffusivity. Moreover, according to the Relativity
Principle, this method is also valid when the laser remains fixed in the camera mark while the
sample is moving at constant velocity. Experimental measurements performed on a set of
materials covering a wide range of diffusivity values confirm the validity of the method. This
work opens the way to measure real time thermal diffusivity of samples in an industrial
environment, e.g. covering big surfaces with a moving laser or analysing moving samples (in
an in-line production) with a fixed laser. Another advantage is the ability of the method to
characterize high thermal conductor sample by adjusting the scanning velocity in agreement

with the camera acquisition rate.
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