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ABSTRACT ARTICLE HISTORY
The knowledge of the amplitude and the spatial distribution of an Received 6 April 2023
excitation flux is of great interest for the quantification of heat Accepted 20 June 2023

sources. In this work, the development of a non-contact imaging KEYWORDS
powermeter based on the association of a bolometer with an IR thermography; thermal
infrared camera is described. This powermeter allows, thanks to inverse methods; fluxmetry
infrared thermographic measurements and image processing

methods, the quantitative estimation of the spatial distribution of

the power of the flux delivered by a high-power laser. First, the

experimental setup used is described. Then, the complete model-

ling of the heat transfer within the bolometer using the 3D thermal

quadrupole formalism is presented. After that, an inverse method

based on the Wiener filter in Fourier-Laplace transform spaces to

estimate the spatial distribution of the power flux is described.

Finally, power estimation results using two metallic plates as

a bolometer are presented and discussed.

1. Introduction

The knowledge of the heat flux generated by a source is of primary interest in many
scientific fields. For example, in the fields of building science, aeronautics, optical applica-
tions or heat transfer, the access to the quantitative heat flux field is an input for many
mutiphysical problems and can be of prior interest to control or monitor online processes.
In this context, the development of a quantitative and imaging powermeter implies, on
the one hand, to develop the sensitive component which will absorb the radiation of the
source excitation (bolometer), and on the other hand, to establish the mathematical
model which describes the heat transfer within the bolometer in order to guarantee the
quantitative aspect of the powermeter.

There are two main types of flux sensors: thermal sensors and photonic sensors. Photonic
sensors are based on the photoelectric effect and are mainly used at higher frequencies in
the visible, ultraviolet and X-ray spectral range. In contrast, thermal sensors are mainly used
at longer wavelengths [1-3]. In this study, the choice of material is metallic plates that act as
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a deported bolometer and can withstand the impact of high flux. The metallic plates absorb
electromagnetic radiations upon impact and subsequently heat up, making the thermal
scene visible by an IR camera. However, to obtain a quantitative image of the heat flux, or
the thermal source that excites the bolometer, extensive mathematical processing based on
inverse thermal methods is required.

There are several methods in the literature to estimate the heat sources according to the
nature of the heat transfer [4-6]. In the present study, the reconstruction of the heat sources
is mainly based on the knowledge of the heat transfer by conduction. In the work from
Garderein et al. [7], a point sensor system based on a thermocouple has been developed to
estimate local fluxes based on analytical inverse thermal methods. Another study from
Zeribi et al. [8] reports the fabrication of a 2D non-imaging heat flux sensor based on the
spatial temperature gradient method. Image reconstructions were tackled in the work from
Groz et al. [9,10] who reported a method to reconstruct heat sources using analytical
models and two inversion methods (statistical and deconvolution by Toeplitz). Another
3D reconstruction method was recently developed by P. Burgholzer et al. [11,12]. This
method combines infrared thermography and the concept of virtual waves. However, in
these studies, the quantitative aspect of the heat flux power estimating was not reached.
Furthermore, in the study realised by Aouali et al. [3], a quantitative imaging powermeter
based on a hyperspectral thermoconverter has been developed using EMIR technology [13].
However, this powermeter is not adapted for high flux application. Finally, the work of
Nortershauser et al. [14,15] focused on the development of a source reconstruction method
(spatial distribution and flux power) using numerical inversion models. The constraint of this
method is mainly related to the computation time; however, the authors propose the use of
a statistical estimator in the Fourier transform space in order to win in computation time.
From all these precursory works, the development of a method of quantitative estimation of
high fluxes coupled with an imaging bolometer would allow the design of an imaging and
quantitative powermeter adapted to extreme conditions.

The present work reports the development of a contactless imaging fluxmeter for high
density power flux estimation. To the author's best knowledge, such a sensor based on
a metallic plate and analytical inverse method for the estimation of the quantitative and
spatial cartography of heat sources has not been reported in the literature. To tackle this
objective, the heat transfer within a metallic plate is modelled. Next, the method used for
the mathematical processing of the images acquired by the IR camera is presented.
Finally, two examples of source reconstruction using two different metallic plates are
presented and discussed.

2. Experimental setup

The experimental set-up is shown in Figure 1, a very high-power laser source developed by
ALPhANOV' with adjustable output power between 0 — 10 KW (with an uncertainty
estimated at 2% by the manufacturer) and response time of 50 ms is used. The use of
powerful lasers can be very dangerous and requires rigorous safety precautions. This is why
the entire assembly is placed in a secure enclosure called a laser protection cage (dimen-
sions: 5m x 2.4m x 2.6m) which is covered with a protective foam ensuring 30 s of
resistance to a 10 kW laser flux. The interior of the cage is also covered with numerous
sensors and active panels that allow an emergency stop to be triggered if they are
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Figure 1. Experimental setup.

subjected to laser illumination, only the laser cabinet and acquisition system is kept outside
the cage. The laser source delivers a Gaussian laser beam with a wavelength of
Am = 1070nm and variable power according to the setpoint. The beam is conveyed by
an optical fibre of 200um diameter to the optical head, the optical head is composed of
different optical elements (objective, lenses. ..) which allow to modify the path and the size
as well as to collimate the laser beam. The optical head rests on a robot that allows the
beam to be directed with a normal incidence to impact the target (metallic plate). Finally,
a FLIR InSb SC 7000 IR camera (working in the spectral range [1.5 um-5.5 um] with a sensor
of 240 x 320 pixels and a pitch size of 25 um/px) placed behind the metallic plate is used
to make the acquisitions. The metallic plate is painted black on its front and back face in
order to be assimilated to a black body (e = 1) and to avoid the reflection of the laser beam
on the front face (total transmission). In this study, measurement in transmission mode is
preferred to reflection mode for reasons of space requirements and safety in the cabin in
view of the high power delivered by the laser (risk of damaging the IR camera).

3. Heat transfer modelling in a homogeneous metallic plate

Consider a homogeneous and isotropic plate of dimensions L, x L, x e(m), diffusivity
a(m?.s"") and thermal conductivity A(W.m " '.K™"). Suppose that at t = 0, a heat source



from a laser beam thermally excites the front face of the plate. In order to simplify the
boundary conditions, the plate is assumed to be adiabatic on the lateral faces (see
Figure 2). The associated 3D problem for the temperature calculation T(K) can be written
as follows:
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where ¢ is the power density, expressed in W.m 2,

3.1. Resolution of the problem

One way of solving Equation (1) is to write it in the Laplace and Fourier-cosine domains.
Indeed, the application of a Laplace transform in time and two Fourier-cosine transforms
in space to the temperature field T(x, y.z. t) is defined as follows:

Ly ply oo
6(a,.B,,.2.p) = L J J T(x,y,z,t)e P'cos(anx)cos(B,y) dt dy dx, (2)
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where a, =%, n € N and B, = mn/L,, m € N represent the spatial Fourier frequen-

cies. In order to solve Equation 1 in the Laplace-Fourier transformed space, the
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Figure 2. Heat transfer in a homogeneous medium.
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Figure 3. Model sensitivity, (a) Heat losses sensitivity, (b) Excitation flux sensitivity.

thermal quadrupole formalism [16] has been used. The principle of the method is
described in the first part of the book. The resolution of the system is obtained as

follows:
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Hence, the expression of the temperature in the rear face of the material is given by:

PmnlpP)
Cmn + 20 Amn + h2Bmy

In order to obtain the temperature field in real-time space, two inverse cosine transforma-
tions in space and one inverse Laplace transformation in time are required. From
Equation 6, the point source impulse response &(x,y,t) in the rear face of the material
in Fourier-Laplace transformed space is written as follows:

:
H =e.p)= .
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Identifying the analytical expression of the point source impulse response is an important
step in this study. Indeed, it makes it possible to calculate the temperature of
a homogeneous material for any spatial and temporal form of the excitation.

From the analytical solution (Equation 7), the sensitivity of the model to different
parameters can be established. Figure 3 shows the sensitivity of the model to the
excitation flux and to the heat losses; it appears that the heat losses appear a little later



and with a much lower sensitivity than the heat flux. It is therefore concluded that the
heat losses can be neglected during the estimation of the excitation flux assuming that
short times are used in the processing.

4, Description of the inverse method for flux estimation

Based on Equation 6, the output temperature can simply be written as a space-time
convolution product between the excitation source and the source point impulse
response:

Tix.y,z=-et)=Y(x,y,z=0.t) @B(x.y,z =e.t), (8)

Where h(x,y.t) is the point source impulse response in real space-time. The source
Y(x,y.t) can be decomposed into a product of a spatial function F(x,y), a peak power

o and a temporal function ©(t). After passing through the space transformed cosine
base, only the temporal convolution remains. In the case of a Heaviside-type temporal
excitation, and after applying the Laplace transform on time, we have:
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Where H® represents the point source response to the Heaviside temporal excitation in
Laplace-cosine transformed space. By applying the Laplace inverse transform to Equation 9,
the source can be estimated in the cosine transformed space via the following relation:

‘0 % F(an,B) = 0(an, Boz = ,) x [H(an, Boz = €,1)] ° (10)

Inverse thermal problems are known to be ill-posed problems [17]. This is essentially due
to the condition of instability of the solution obtained by inversion. To remedy this
condition, the inversion is carried out by constructing a Wiener filter. This filter is based
on Tikhonov's regularisation method [18], which is used and applied in the cosine
transformed space as follows:
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Where D is a derivation matrix [19] in the cosine transformed space and y is the regularisa-
tion coefficient [20]. In the end, to retrieve the spatial distribution of the source, two inverse
cosine transformations are necessary. The optimal value of the regularisation coefficient is
determined by the analysis of the singular values after applying an SVD transform [21].

5. Results and discussion

In this section, the inverse method was applied using two metallic plates (aluminium and
copper) painted black (so that the emissivity is closed to the one of a black body € = 1).
The thickness of the plates was chosen to take into consideration the characteristic
thermal diffusion time in order to have a usable signal on the rear face measurement.



The laser is set to deliver a Gaussian beam of diameter d = 20mm and a power set point of
P = 1kW. The IR camera was placed in the rear face of the metallic plate to make
acquisitions at a frequency of f = 100Hz. The point source response to the Heaviside
temporal excitation was calculated in both cases, and the excitation flux field was
estimated using Equation 11.

5.1. Case of an aluminium metallic plate

In this first application, a homogeneous aluminium metallic plate with spatial dimensions
10cm x 10cm x 1 c¢m, and thermal properties of diffusivity a = 9.88 x 10 °m?s !, con-
ductivity A =237Wm K" has been used. The pixel size in this case is equal
to Ly = 540 um.

The absolute temperature field measured at the rear face is shown in Figure 4.

Figure 4(a) shows the diffusion of the 2D temperature field during times. Figure 4(b)
shows the evolution of the relative temperature of the central pixel as a function of time,
and it can be seen that the relative temperature reaches almost 100K in less than 2s, this is
likely to modify the thermophysical properties of the aluminium plate (thermodepen-
dence of the thermophysical properties [22,23]). To remedy this and to keep the problem
linear, the temperature at the front of the plate was calculated using the quadrupole
thermal model in order to have an approximation of the temperature rise; thus, only the
part lower than 50K (t = 0.75s) will be exploited. Figure 4(c) shows the normalised plane
diffusion of the midline over time, it can be seen that the heat diffusion does not reach the
edges of the metallic plate, which confirms the assumption of adiabatic conditions at the
edges during the modelling of the heat transfer regarding the plate size of 10 cm at all.
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Figure 4. Region of interest of the absolute temperature field measured at the rear face of the plate:
(a) spatial temperature field diffusion chronogram, (b) central pixel temperature evolution over time,
(c) normalized plane diffusion of the midline over time.
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Figure 5. (a) image of the estimated source and (b) surfacing of the estimated source.

Figure 5(a,b) show the reconstruction of the spatial distribution and power density
of the excitation flux after application of the inverse method. In order to determine the
global injected power, two methods are possible: (i) multiply the imaged flux density
by the area and then integrate it or (ii) integrate the flux density image and multiply
the result by the area of a pixel. by Applying the second method, the estimated
power is:

Pestimated = (ﬂ)y(x}’]) X Splxc! =977 + 32, (12)

Where: S,;.: area of a pixel which is equal to 2.916 x 107 "m’. The estimated power
represents a relative error of: 2.26% in respect of the laser's set power.

The uncertainty in the estimated global power is calculated overall and takes into
account the uncertainties relating to thermophysical properties, measurement of tem-
perature fields and estimation by the inverse method and the choice of the regularisation
coefficient. In addition, this overall uncertainty is obtained by calculating the standard
deviation on the result of the global power estimated as a function of time after reaching
the set power. The same approach will be used in the case of the copper metallic plate.

In order to calculate the estimated excitation flux diameter and compare it to the
theoretical beam diameter delivered by the laser, three steps are necessary. Firstly, the
centre line of the estimated source image is identified and plotted. Secondly, using linear
least squares minimisation, the Gaussian function corresponding to the plotted centerline
is identified. Finally, and by definition [24], the diameter of the Gaussian corresponds to
four times its standard deviation (destimated = 4 X O).

Figure 6 shows the plot of the centre line of the source image and the function
obtained by the minimisation. The function obtained is expressed as follows:

2

f(x) = exp (—

202) = 0="5+0.008 x 10 *m, (13)



T b . ' g T d . x . T
© ogaussian fit
= Mmidline drawing

-t
o
T

o o
(8] (o)

. N %
1 |

Normalized power density
o
I
-
1

©
[N
—
!

| 1 |

-0.005 0.000 0.005
Position (mm)

Figure 6. Linear least squares median line minimisation of the estimated source image.

From  Equation 13, the estimated Gaussian beam  diameter is:
destimated = 4 % 0 = 2 £0.0032 x 10~?m with an error relative to the target diameter
(d =2 x 1072 m) equal to 0.16%.

5.2. Case of a copper metallic plate

In this second application, a homogeneous copper metallic plate with spatial dimensions
(10cm x 10cm x 2cm) and thermal properties of diffusivity a = 1.17 x 10*m?s™" and
conductivity A = 400Wm~'K™" has been used. The pixel size in this case is of the order
of Ly = 360um.

The absolute temperature field measured is shown in Figure 7. Figure 7(a) shows the
evolution of the 2D temperature field diffusion at different times. It should be noted that
the temperature field measured at t = 0.04 s is on average around 0.02 K, which corresponds
more to the noise measurement as well as the error resulting from the subtraction of the
first image in order to evaluate only the temperature difference. Figure 7(b) shows the
evolution of the temperature of the central pixel as a function of time, and it can be seen
that the relative temperature reaches approximately 12 K after 2 s of excitation. Therefore,
the heat diffusion effects can be considered linear and the 2 s of experimental time are fully
exploitable (the temperature at the front side was also calculated using the thermal model
as in the case of the aluminium plate). On the other hand, due to the significant thickness of
the material and its high diffusivity, short times will be preferred during processing.
Figure 7(c) shows the normalised plane diffusion of the midline over time and confirms
the adiabatic condition assumption at the edges of the plate during the heat transfer



modelling. It can be seen in this figure that the curves measured at short times are noisy in
contrast to the case of the aluminium plate, this is due to the fact that the plate is twice as
thick, and therefore the diffusion characteristic time is greater (3.4 s in this case).

Figure 8(a,b) show the reconstruction of the spatial distribution and power density
of the excitation flux. After applying the inverse method, the estimated power using
Equation12 was found to be 1010.6 4 3.7W (Spixes = 1.296 x 10-"m) with a relative
error of 1.05% in respect of the laser’s set power. As previously, the midline of the
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Figure 7. Region of interest of the absolute temperature field measured at the rear face of the plate:
(a) spatial temperature field diffusion chronogram, (b) central pixel temperature evolution over time,
(c) normalized plane diffusion of the midline over time.
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Figure 8. (a) Image of the estimated source and (b) surfacing of the estimated source.
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Figure 9. Linear least squares median line minimisation of the estimated source image.

estimated source image is identified and plotted, then, the Gaussian function corre-
sponding to the plotted midline is identified using linear least squares minimisation.

Figure 9 shows the plot of the centre line of the source image and the function
obtained by the minimisation. The function obtained is expressed as follows:

—x?
f(x) = exp(ﬁ) = 0=5+0.083 x 10 *m, (14)
From  Equation 14, the estimated Gaussian beam  diameter is:
ostimated = 4 % 0 = 2 4+ 0.033 x 10 ?m with a relative error equal to 1.63%.

6. Conclusion

A powermeter using a metallic converter associated with an IR bolometric camera was
used to estimate the spatial distribution of high-power optical fluxes.

The most important point is the experimental validation of the thermoconverter and
infrared camera configuration. Firstly, the development of a thermal model to precisely
characterise the heat transfer within the bolometer was described. Then, an inverse
method was used to estimate the spatial reconstruction of sources and their flux
density.

The methodology was applied using a high-power laser, and the quantitative spatial
power density of the excitation flux was estimated using two metallic plates (copper and
aluminium) as bolometer. The flux density and spatial distribution were estimated with
a relative error of 2.26% and 1.05%, respectively.



This research offers new perspectives in the fields of high flux estimation and thermal
inverse methods, with many applications projected in the fields of optical applications,
building science and industries.

Note

1. https://www.alphanov.com (2023).
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