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Abstract

THz waves show to be an effective mean for several applications such as security, non-destructive, water
content monitoring for wood and food products. The increasing use of THz is due to the sufficient resolution for such
applications, its low cost and the safe levels of radiation. This study consists of two parts. The first one represents the
use of THz imaging technique for studying the transient thermal transfer within semi-transparent insulating materials. The
second part will be dedicated to transient hydric transfer.

The developed setup with appropriate image processing methods linked to the lock-in amplification mode will be
detailed.

1. Introduction

Recently, the use of non-contact methods for measuring temperature and water content in several applications
has been extensively developed. As the characteristic time of thermal transfer is shorter than the hydric one (few
minutes), a high acquisition imaging THz system allowing the measurements at thermal transient case has to be
developed.

For thermal applications, Non-contact methods for temperature measurement have been recently developed [1].
Infrared thermography showed a capability to determine the thermal transmittance of certain solids which allows
measuring full-field temperature at steady-state (at given temperature) [1]. The infrared imaging technique showed to be
efficient to evaluate the heat transport properties in chemical reaction at micro scale [2]. When the sample is opaque in
visible or infrared range, THz could be an efficient alternative tool for non-contact temperature imaging [3]. Therefore the
2D and 3D temperature distribution could be reconstructed by tomography [4].

THz waves have been rarely applied as a tool for temperature measurement [3]. C. Pradere et al used THz
source with infrared mono-detector to estimate the thermal reflectance coefficient for metal and semiconductor materials.
The technique allowed the estimation of a punctual thermo reflectance at transient temperature through recording the
reflectance during heating. It has been shown that at millimeter wavelength range, the coefficients are 100 times higher
than their values in visible range (sensitivity). In [5], C. Poulin et al investigated the capability of THz to measure the
thermo-transmittance of polymer material subjected to a thermal gradient. The 2D transmitted signal coupled with a
simulated 3D temperature distribution allowed the estimation of the thermo-transmittance coefficient of POM.

On the hand, THz technique is highly involved in water content measurement in porous biomaterials. It has
been shown that THz represents an effective tool for such measurements due to the high absorptivity of water at
millimeter wavelength range. Contrary to harmful radiations (X-Ray or gamma-Ray [6]), THz represents a safe technique
due to its non-ionizing radiations. Moreover, THZ is cheap comparatively to other technique of water content
measurements such as Neutron Imaging Radiography [7]. THz is also a technique that can be implemented in in-line
industry process and the capability to scan big surface contrary to Magnetic Resonance Imaging technique [8].

It is shown in [9] that the water transport during drying processes represents a key stage in wood-based
material industry, the not homogeneous drying can lead to the spread of cracks within the material and therefore
providing low quality final product. Numerical simulations of water movement based on hygro-mechanical behavior of
wood highlight the anisotropic shrinkage coefficients needs the spatial distribution of water content within wood. In
previous study [10], the author investigated the capability of THz imaging technique to map the water content within
wood as steady-state case (Wood contains known water content that corresponds the water content of equilibrium after b
conditioning at given relative humidity)

THz radiations are electromagnetic waves located between infrared and microwaves (30-3000 pm). At THz
frequencies, the waves can penetrate through insulation materials but are reflected by metals and absorbed by water.
These limitations make THz technology an effective tool for security applications such as the detection of chemical
weapons, metallic and non-metallic weapons, flammables and Non Destructive Testing [11]. THz radiation has been also
used for quality inspection of plastic and polymer-wood composite, food (i.e., dried food, wheat grain, coffee leaves, dry
fruit, metallic contamination in chocolate products, etc.) [12,13], plant breeding [14], paper quality [15] and in paint and
art preservation applications [16].

In this paper, the first part will be dedicated to study the efficiency of THz imaging technique for contactless
temperature measurement at transient case for homogeneous and heterogeneous semi-transparent materials. First,
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measurement system settings allowing fast imaging of transmittance based on infrared camera coupled with THz-to-
thermal conversion (TTC) in lock-in amplification mode is detailed. Then, a Beer-Lambert-based calibration between THz
transmittance and transient temperature measurement taken by thermocouple on material surface (PVC, PTFE and
wood will be carried out. The use of temperature of surface in calibration will be justified. Then, the thermo-transmittance
coefficient of a given pixel will be estimated using an inverse method. Finally, using the identified parameter with an
appropriate image processing, the temperature image will be reconstructed which allows validating THz technique as
contactless method for temperature measurement in transient case.

However, the second part will be devoted to show the efficiency of the THz technique in monitoring of mass
diffusion within a homogeneous sample (blotting paper). First, Beer-Lambert law-based model linking the absorption
coefficient of blotting paper and its water content is used. Finally, minimization based on Levenberg—Marquardt algorithm
between an obtained experimental image and numerical simulation (central differencing scheme) allows the estimation of
diffusion coefficient of blotting paper. In fact, the model representing the water content as function of transmittance is
used in [10] within a wood sample using infrared mono-detector.

In this study, a new contactless technique for temperature measurements of THz semi-transparent materials
during transient thermal transfer is developed. The results show that THz technique could be suitable for applications
aiming to 3D contactless temperature reconstruction (transient thermal tomography) that will be the aim of future study.
On the other hand, the THz shows efficiency for monitoring the water vapor diffusion and estimating of diffusion
coefficient of blotting paper.

2. Analytical models

For thermal transfer, the used Beer-Lambert based model is given as follows:
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Where: T is the THz thermo-transmittance of a pixel at a given temperature T in (K), | is the transmitted signal at
temperature T in (DL), lo is the signal in (DL) at reference temperature Toin (K), u(A, T) is absorption coefficient in (m'l), e
is thickness (m™) and A is wavelength in (m). Thus, for each pixel and for given wavelength, the Eq. (1) can be written as
follows:
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Where: « is the thermo-transmittance coefficient (m'lK'l). On the other hand, the hypothesis of lumped body
allows taking the temperature in Eq. (2) as independent of z. We can assume that the thermal transfer in the thickness is
negligible and the sample is releasing temperature in equal manner overall. This behavior has been checked by
calculating the Biot number of studied samples that found to be less than 1. Moreover, the temperature measured by
thermocouple at one pixel in Region Of Interest is supposed equal all over the sample. Therefore, in transient case, the
transmittance temperature-dependency is given by:

[(T)=xe(T-T,) @)

As the thermo-transmittance is linear with temperature gradient, the estimation of the coefficient of thermo-
transmittance k is proportional to the slope.

For the hydric diffusion, the used model given in [10] considering water content as fictitious layer (ew) allows
writing at ambient temperature:

(X, y,4

e

e
= H o+t W *)

S S



14" Quantitative InfraRed Thermography Conference, 25 — 29 June 2018, Berlin, Germany

Where: | is the transmitted signal in (DL) at water content W in (kg of water/.kg of dry material), lo is the signal in
(DL) at reference hydric state (Wo=0), us and pw are the absorption coefficients of solid and water in (m"l), es and ey are
the thicknesses of solid and water in (m).

The Eq. (4) representing a linear relationship between the global water content and the absorbance of wet
sample allowed estimating the absorption coefficient and density of dry sample knowing the water content. In this work,
water content measurement allowing the estimation of diffusion coefficient of blotting paper by knowing the absorption
coefficient and density of dry sample.

3. Experimental setup

The experimental setup consists of (1) a THz source (2) an infrared camera with TTC and lenses. The THz
wave source is a Gunn diode (Virginia diodes, Inc) with a power of 200 mW wrking at frequency of 110 GHz (equivalent
of wavelength 2.7 mm). The detector consists of InSb quantum detector-based infrared camera (FLIR SC7000) with a
spectral band of 3.5 pm - 5.15 um and acquisition frequencies up to 1 kHz and THz-to-thermal converter that is placed at
the camera focal plane. The TTC consists of a carbon film absorbs THz radiation which leads to a thermal diffusion
detected by infrared camera [17].

TA beam expander composed of two plano-convex lenses made of PTFE (THORLABS) with diameter of 110
mm and focal distance of 100 mm. The TA expander situated between the source and the sample allows expanding the
THz beam and minimizing the radial intensity variation on the sample plane. The transmitted beam is imaged on the TTC
through a THz objective consists of three PTFE lenses (Focus).

Modulator

THz source Lenses  Sample Focus TTC IR camera

()

Thermo-couple

Sample holder

Fig. 1: Experimental setup for transient thermal and hydric diffusion.

The sizes of the samples were as follows: PVC (100 mm x 40 mm x 4 mm), PTFE (100 mm x 40 mm x 6 mm)
and wood (100 mm x 40 mm x 3 mm). The samples were pre-heated in an oven at 100°C. Once the temperature of
sample is homogenized (checked by thermocouple at different positions), it was then placed on the focal plane as shown
in the (figure 1). A thermocouple (type K) was fixed in the center of sample on the side in front of the THz source to
record its temperature release by natural convection during experiment until it reached the ambient temperature
(approximately 20 °C). It is shown the transient evolution of temperature of each sample affected the capacity of the
material to transmit THz waves.

A wave-form generator (Agilent 33500B Series) was used to synchronize the THz source ignition and the CCD
acquisition [17]. The synchronized signals represent the square signal ON/OFF phase of the THz source and square
signal triggering the camera (figure 2). The generator also allowed for the modulation of the excitation of the THz beam
with the onset of filming to limit diffusion on the TTC x-y plane and obtain sufficient signal. Thus, during filming, the duty
cycle was 50 % which (source is turned on only for a half filming duration). In fact, when the duty cycle is greater than
50 %, the relaxation of material will not be sufficient (the response of the material to the excitation will be chopped off).
An integration time (IT) of 1400 ps, frequency acquisition of 200 Hz, filming duration of 1 s, inter-filming duration of 2 s,
pixel size of 250 um and film number of 300 films were chosen for this study. The synchronization process is sketched in
figure 2.
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Fig. 2: Synchronization of source excitation frequency with acquisition frequency.

For the transient hydric transfer (diffusion), in addition of the set-up used for measurement of temperature
(figure 1), a fluidic exciter has been used. The fluidic exciter consists of: (1) enclosure, (2) aguarium pump and (3) saline
solution of RH of 97%. The enclosure is THz semi-transparent plastic material allows the insulation of the two lateral
faces of sample. The sample is insulated from all sides by rubber material except the excitation face. The aquarium
pump ensures the circulation of vapor next to the non-insulated side of sample. The humidity is checked by RH sensor
placed on the output of steam tube. The exciter is shown in the figure 3.

Blotting paper

Saline
solution

Water
. vapor
Semi-transparent

plastic

Insulating material ,[

Aquarium pump

Fig. 3: Excitation of homogeneous sample (blotting paper).

For the diffusion experiment, the fixed parameters are the same parameters mentioned above except the inter-
filming duration. As the hydric diffusion is long, the inter-filming duration is fixed at 5 min, film number that is 200 films.
Finally, the obtained results represent a series of films of duration of 1 second of 200 images for each film. Therefore, the
extracting of information needs an appropriate image processing. The next paragraph will be dedicated to the used
processing methods of obtained data.

4. Post-processing

The obtained films of transmitted THz signal during a decrease of temperature in each sample represent raw
data that have to be processed. As the experiment is carried out in lock-in mode with synchronization of filming and
excitation, the films represent a periodic response of material (bleu curve in figure 2). Therefore, to extract the amplitude
of transmitted signal image from each film (period), four-image algorithm processing method [18] was applied. The four
image algorithm showed better image quality after comparison with other methods of amplitude extracting such as
Fourier spectral analyze, least-squares minimization and synchronous detection.

As shown in figure 3, the source was modulated to 1 Hz with an acquisition frequency of 200 Hz (image/film),
and duration of 1 s. The image size is 128 x 160 pixels resulting in enormous amount of data (128 x 160 x 200 x 300).
First, an ROI was chosen (approximately 30 x 80 pixels). The four-image algorithm is a method based on the integration
of signal along each quarter of period as shown in Eq. (7).
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Siis the integrated signals at each quarter of the period in (DL), and A is the signal of each pixel at instant t.
Thus, the amplitude for each period can be given as follows:
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Np is the number of points per period (in this study corresponds to acquisition frequency of 200 Hz). The
obtained signal |, represents the image of the amplitude per film. The obtained images represent the image of signal
amplitude that showed to be higher quality compared to raw data. However, the images of amplitude need further
processing to decrease the present noise. Hence, in order to diminish the noise that could be incoming from the infrared
camera and temperature fluctuations, Singular Value Decomposition (SVD) was applied [17].

The SVD method is a processing method consisting in the decomposition of obtained amplitude images. First,
amplitude cubes (30 x 80 x 300) were reshaped to an image size (30 x 80) x 300 to obtain matrix M containing space-
time information. Second, projection on separated bases of space and time was carried out as follows:

M(s,t)=U(s)S(r)V (t) )

The matrix M(s,t) is the Matrix space-time of amplitude images, U(s) is the base containing information on
space s, V(1) is the transposed base containing information on time t and S(r) is a diagonal matrix containing the non-null
decreasing modes values r (singular values). The first values of matrix S contain the signal information, where the
remaining values represent the noise in the images. Therefore, the matrix M(s,t) can be reconstructed according to Eg.
(7) by keeping only the truncated r modes of S non-null.

Moreover, in the SVD processing method, deleting most modes can clearly reduce the noise but changes also
the shape of the signal, while deleting only few modes would not sufficiently reduce the noise signal. Thus, a
compromise should be made between maintaining the shape of the signal and reducing noise. Therefore, to determine
the necessary number of modes to keep non-null, plotting the modes on a logarithmic scale is suggested. Thus, the
number of modes corresponding to the breakpoint represents the number of modes used to reconstruct cleaned-up
images without losing information of signal at each pixel.

5. Results
5.1. Thermo-transmittance

The results showed that for a given pixel the transmitted signal increases with decrease of temperature and
tends to stabilize when the temperature sample attains the ambient temperature. The figures (4a, 4c and 4e) show the
transmittance of a pixel and temperature measurements taken by thermocouple function of time. Two homogeneous
semi-transparent materials (PVC and PTFE) and heterogeneous material (maritime pine woos) are represented. The
figures show that the transmittance variation is low and around 0.13 for 40°C for PCV, 0.12 for 50°C for PTFE and 0.07
for 20°C for wood. Contrary to the high sensitivity of THz waves to hydric state of sample (from 100% of transmitted
signal through a dry sample to 0% of transmitted signal through completely wet sample), the sensitivity of THz to
temperature is low (from 12% of transmittance through hot sample to 0% through sample at relative temperature 0 °C).
Therefore, this shows the capacity of setup to detect such small sensitivity. Moreover, the transient case duration is
different from sample to other (shorter for wood) due the constant of characteristic time of lumped body equation
solution. Therefore, the steady state is attained quickly in wood. The lumped body hypothesis supposing that the
punctual temperature measurement taken by thermocouple is the same over the ROI is proven by calculating Biot
number and by 3D Transient Finite Volume numerical simulations [19]. This hypothesis justifies the calibration of thermo-
transmittance of a given pixel and temperature measured by thermocouple in ROI as shown in figures (4b, 4d and 4f).
The chosen pixel is situated in the ROI where the signal is sufficiently high but not saturated.



14" Quantitative InfraRed Thermography Conference, 25 — 29 June 2018, Berlin, Germany

_I'(T)=0.00327 T+0.00040

0.15
40 ¢ 0.9912 = O Experiment data
= — Fit
o @
30+ 0.9607 2 g
Ty 8 g 0.1
';20 0.9293 5 g
c c
@ o
= Y
10 0.8982 g 005
3
£
| | -
0 200 400 600 800 | | . .
Time (s) 0 10 20 30 40 50
AT(C)
() (b)
015 I'(T)=0.00237 T+-0.00094
50 0.9898 = o Experiment data
= — Fit
40+ 0.9677 § 8
_ § § 0.1
£ a0 0.9455 = E
F T E g
< 2 €
20 0.9234 @ j.'_;
= S 0.05
10+ 0.9012 E
(]
i =
| | | T =
0 200 400 600 800 0
Time (s) 60
() (d)
I'(T)=0.00375 T+-0.02071
SSASASAATAL
= 006 o Experiment data
= 05!/~ Fit
30} 0.9695 8 g
[=
G é g 004
= 0.9302 § G 003
< c c
® £ 002
: 3
10 0.8904 g 001
2
L L n P 0
0 100 200 300 400 -0.01
Time (s) 0 5 10 15 20 25
A T(°C)
(e) Q)

Fig. 4. Curves of transmittance (I(T)/I(To)) and temperature measurement as function of time for (a) PVC, (c)
PTFE (e) Wood. Calibration curve of (b) PVC (d) PTFE and (f) Wood. Circles in (b), (d) and (f): Experimental values.
Continuous lines: Fitting model using equation (3). Header: Fitting equations for each sample.

The figures (4b, 4d and 4f) show that the noise affecting the transmittance transient case is small due the
processing methods (four-image algorithm and SVD methods). However, as mentioned above, the wood attained quickly
the steady state level where the calibration is not anymore valid. The calibration curves show that the thermo-
transmittance is linear function with transient temperature decrease. Therefore, the thermo-transmittance coefficient
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can be obtained according to the Eq. (3) by dividing the slope of linear fit by the corresponding thickness for each
material. The obtained values are represented in table 1:

Table 1. Thermo-transmittance with determination coefficients values of PVC, PTFE and wood

Thermo-
Slope (K% Thickness transcrglttan R2 te=pCpe/h Bi
(m) coefficient ©)
k (K'm™
PTFE 2.3710° 610° 0.395 0.9988 430 0.333
PVC 3.2710° 410° 0.817 0.9994 290 0.5
Wood 3.7510° 310° 1.25 0.9914 144 0.462

The thermo-transmittance coefficient values found in this study are comparable with a value of similar insulating
semi-transparent material (POM polymer) that is found to be around 2 K™'m™ [5]. The gap between these values may due
to: firstly, the nature of material and its behavior in terms of transmittance during temperature release. Secondly, in this
study, the temperature is supposed constant along the thickness where the temperature has a parabolic profile.
Moreover, the temperature field of the ROI is supposed homogeneous and equal to the temperature of one pixel
measured by thermocouple (lumped body hypothesis). Nevertheless, it is checked numerically that the temperature
difference between the center and end of ROI is low and around 2 degrees which allows validating this hypothesis.
Finally, the studied materials and material used in [5] have different thermo-physical properties (density, heat capacity)
and thickness. This can be noticed in table 1 where the characteristic time of materials is inversely proportional to the
estimated thermo-transmittance coefficient. The factor (t;) represents the denominator of the exponential term in heat
equation solution of lumped body. The decreasing of this factor leads to drastic decrease of temperature (short transient
case) which can be shown in figure (4-e and 4-f) and thereby increase the thermo-transmittance coefficient as mentioned
in bold in table 1.

Theoretically, the thermo-transmittance of homogeneous material should be the same all over the ROI but the
inhomogeneity of THz beam, optical characteristic, state of surface of materials, inhomogeneity of structure (wood) and
noise, lead to variable estimated coefficients. However, the histogram of distribution of this coefficient should be centered
on one value. Once the thermo-transmittance coefficient is estimated using Eq. (3), the reconstruction of temperature
field is then possible. The obtained results for PVC and wood at different temperature are shown in the figure 5 and 6:
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Fig. 5: Contactless temperature field measurement by THz of PVC at (a) t=1s, (b) t=60s, (c) t=300s, (d)
Transient temperature release function of time. Headers: Tmes, temperature measured by thermocouple, Tmey, mean
temperature of image. Blue line: Reconstructed temperature, red line: Temperature measurement by thermocouple.
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Fig. 6: Contactless temperature field measurement by THz of wood at (a) t=30s, (b) t=90s, (c) t=180s, (d)
Transient temperature release function of time. Headers: Tmes, temperature measured by thermocouple, Tmoy, mean
temperature of image. Blue line: Reconstructed temperature, red line: Temperature measurement by thermocouple.

The figure 5 shows good estimation of temperature field for homogeneous sample such as PVC with relative
error of temperature estimation of 3% for homogeneous materials. However, a heterogeneous sample such as wood

scatters the temperature field but the mean value is still kept close to the punctual temperature measured by
thermocouple (figure 5).
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5.2. Determination of diffusion coefficient

The hydric diffusion through a homogeneous paper such as blotting paper is studied using the same system
and processing image mentioned above. However, the obtained images of ROI (140 x 120 x 200) were averaged along
the axis y then resized (sub-ROIl) to obtain space-time image (40 x 190) as shown in figure 7. Thereafter, the water
content can be obtained using the Eq. (6) which is indicated in the figure 6-a. On the other hand, numerical simulations of
diffusion using finite difference (central scheme) with experimental boundary and initial condition were performed (figure
6-a).
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Fig. 7: (a) space-time image of averaged sub-ROI water content image during diffusion, (b) Numerical water
content using boundary condition mentioned in (a) with 1pixel =0.25 mm.

The water content is initially lows then increase with time due to the diffusion of vapor with time. Moreover,
water content increases faster as the positon is closer to the vapor flow at the boundary which indicates the diffusion long
axis z. Thereafter, the diffusion can be estimated by minimization between the experimental and numerical data. The
figure 7 shows that the best fit should be carried out in the upper triangular part of image (yellow colored part)
corresponding to the dynamic of diffusion. The blue part represents the area where no diffusion occurs yet. The
Levenberg—Marquardt minimization of experimental and numerical data allows the obtaining of hydric coefficient D that is
of 4.2 10° m?.s™. This value is in agreement with found value in literature of blotting paper that is D=4.15 10°® m2.5'1[20].
The last value has been found using THz technique with mono-detector but with different boundary conditions. The error
between two values is around 3 % which proves also the capability of this lock-in amplification-based setup for
measurements of hydric diffusion.

6. Conclusion & perspectives

This study showed the capability of THz imaging technique as a contactless tool for transient thermal and hydric
measurements. First, an infrared coupled with TTC is used as full-field system to measure the transient temperature of
semi-transparent materials. Measurements were performed by a lock-in techniqgue mode with an appropriate numerical
method to obtain images of transmitted amplitude (four-image algorithm). The SVD method was applied to the images of
amplitude to clear noise and to enhance image quality.

Linear behavior based on Beer-Lambert law between the thermo-transmittance and the temperature gradient is
checked. Indeed, the thermo-transmittance coefficient at terahertz range is 100 times more sensitive than in visible.
Moreover, this coefficient is estimated for PVC, PTFE and wood that is independent of temperature can be used to
estimate the transient temperature release of insulating materials. On the other hand, this system is used in transient
hydric diffusion to monitor the water content with homogeneous paper in order to estimate the diffusion coefficient. The
excitation is carried out through a fluidic exciter ensuring continue excitation (Echelon form). The diffusion coefficient of
blotting paper is determined with an error of 3%.

Finally, the use of infrared camera coupled with TTC and THz source based on lock-in amplitude amplification
appears to be a promising imaging technique for the contactless measurement of the transient temperatures. Image
processing methods like four-image algorithm and SVD method showed a high influence on the quality of measurement.
Such results paves the way to more sophisticated THz applications like THz tomography [21] aiming to create 3D
reconstructions of transient temperature fields, which is the goal of ongoing studies. For hydric application, a future study
will be devoted to study the diffusion in heterogeneous materials such as wood.
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