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Abstract

The high-cost low-resolution infrared cameras operating in middle infrared spectral
ranges are widely used to detect the thermal fields. In this study, a low-cost high-resolution
silicon-based sensor camera operating in near infrared spectral ranges is used to perform the
observation of the thermal fields on the realistic specimen surface. In near-infrared spectral
ranges, a small temperature variation led to a large modification in the sensor illumination,
inducing acquired images with over saturation or poor dynamic range of gray levels. To
address this problem, an algorithm was proposed to precisely adjust the exposure time to
acquire images with constant gray level whatever the temperature evolution is, and then used
in heating experiment of a steel specimen. Results showed that images with constant gray
level could be acquired during the experiment. A special radiometric model was used to
perform near-infrared thermography. Based on this radiometric model, the thermal fields on

steel specimen surface were successfully reconstructed without measuring surface emissivity.
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1. Introduction

Temperature is a very important physical quantity. For temperature measurement, many
techniques are available, e.g., thermocouple [1, 2], thermistor [3], resistance temperature
detector [4], and infrared thermography [5-8], etc. As an advanced measurement technology,
infrared thermography can transform the thermal energy emitted by objects into an electronic
video signal [9-12]. This technique possesses several advantages: (1) non-contact and non-
invasive; (2) full field measurement; (3) no disturbance of the target surface to be measured;
(4) high-speed response; (5) possibility to measure the target objects which can be small,
fragile, dangerous, and so on.

The traditional infrared cameras operating in middle infrared spectral ranges (3-12 um)
have also some disadvantages. Firstly, the disturbance radiation from the surrounding objects
to the target object is necessary to be measured, but the corresponding corrections are difficult
because it depends on the surface states of objects; Secondly, most of time infrared
thermography required a uniform surface with homogeneous and even constant emissivity.
However, for most of natural or artificial objects, their surfaces are non-homogeneous, thus
these measurements are difficult for infrared thermography. To address these issues, it is
effective to operate in lower spectral ranges (near infrared spectral ranges). The rapid
development of silicon-based cameras makes the temperature measurement in near infrared
spectral ranges possible [13-16]. Silicon-based cameras are not only operating in the visible
spectral ranges (0.4-0.7 um), but also operating in near infrared spectral ranges (0.7-1.1 pum)
[17, 18]. Thus, they can be used to measure thermal fields. Teyssieux et al. [19-21] indicated
that the disturbance radiation from surrounding objects is slight and can be negligible in near

infrared spectral range, while the disturbance radiation from surrounding objects is obvious in



middle infrared spectral range. Moreover, both infrared camera and silicon-based camera
were used to measure temperature distribution of the object surface with non-homogeneous
emissivity by Rotrou et al. [22]. The results indicated that silicon-based camera can detect a
more accurate thermal field than infrared camera. In addition, the infrared cameras are
expensive and have low resolution (about 640x480 pixels) due to the limited optical
diffraction resulted from the application of the longer spectral ranges, thus they are commonly
used for the laboratory researches. Compared with infrared cameras, the silicon-based
cameras are high accuracy control, low-cost, low noise and have high resolution, which can
be widely used in industrial applications. However, silicon-based camera has its disadvantage
that in near infrared spectral ranges the luminance changes fast with temperature variation,
which readily leads to poor quality or bad images (oversaturation or poor dynamic range of
gray levels). This phenomenon makes the measurement of thermal fields impossible when the
temperature changes, especially the high temperature application.

In this work, we used a low-cost high-resolution COMS camera to obtain thermal fields
on a realistic specimen surface during the thermal cycle. An algorithm derived from Planck’s
law was used to precisely adjust the exposure time to acquire images with constant gray level
whatever the temperature evolution is. A special radiometric model of specimen surface was
calibrated, and the thermal fields on the steel specimen surface were obtained without the

measurement of surface emissivity based on this calibrated radiometric model.

2. Experimental Procedure

2.1 Specimen Preparation

The material used was AISI 304L steel, which chemical composition (wt.-%) is Fe-
0.024C-1.09Mn-18.55Cr—8.00Ni—0.41Si-0.0085-0.023P. A specimen with dimensions of
100 mm (length) X 10 mm (width) X 1 mm (thickness) was cut from the steel sheets. For

metal specimen where emissivity is too low or heterogeneous, coating with black paint is



required in common infrared thermography in order that the homogeneous and high
emissivity surface can be produced. Thus, the specimen surface was sprayed with high
temperature black paint.
2.2 Experimental set-up

Fig. 1(a) shows the experimental set-up. This set-up consists of several main elements:
(a) a steel specimen with the black paint coating; (b) an induction heating device; (c) a 8bits
CMOS camera (Viewworks VC-12MC) with 4096 x 3072 pixels, mounted with a lens (Nikon
ED, 200 mm); (d) a pyrometer and three thermocouples to provide the classical temperature
measurement; (e¢) a computer with the software to record the experimental data (images,
exposure time and temperature) and automatically adjust the exposure time to control the
image gray level.

The experiment was conducted in a small dark room. The distance between the front lens
of the camera and the specimen surface was approximately 1 meter. The CMOS camera was
controlled by a home-made Labview software, which could either just control the image
acquisition time or also automatically adjust the exposure time of the camera to maintain the
mean image gray level of the selected regions stable during the heating process of the
specimen. The computer recorded simultaneously the digital images acquired by the camera
(with gray level encoded between 0 and 255 level) and exposure times.

Fig. 1(b) shows an acquired image of the specimen surface. The white dot in the center
of the image is the measuring position of the pyrometer. T1, T2 and T3 are the measuring
positions of three thermocouples. The green rectangle 1 is a chosen ROI 1 with 500 x 400
pixels, analyzed by our homemade software, where the mean gray level is intended to be
maintained stable or even constant by automatically adjusting the exposure time. The two
blue squares 2-1 and 2-2 are two 100 x 100 pixels areas, chosen to identify the parameters of

the radiometric model in this configuration. These two particular areas are chosen because



they correspond to the measurement points of the pyrometer and to the location of the
thermocouple T2. The red rectangle 3 with 800 x 1700 pixels is a wide region for the thermal
field reconstruction. Two yellow rectangles with 100 x 100 pixels are chosen to validate the
accuracy of the calculated temperatures, in which the yellow rectangle 4-1 is a region
corresponding to the measured temperature by thermocouple 1 (T1), and the yellow rectangle

4-2 is a region corresponding to the measured temperature by thermocouple 3 (T3).
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Fig. 1 (a) Experimental set-up and (b) an acquired image of specimen surface: rectangle 1 is the ROI for

exposure time adjustment; rectangles 2-1 and 2-2 are considered for the identification of the radiometric model;



rectangle 3 is the area of thermal field reconstruction; rectangles 4-1 and 4-2 are considered for the validation of

the reconstructed thermal field.

3. Radiometric model

3.1 Principle of radiometric model

Radiometric model relates the specimen surface temperature to the output signal (gray

level) and exposure time. In this study, a special radiometric model with the intensity I, (T),
which is defined as the gray level 1(T) normalized by exposure time 7, is introduced, and

can be given by [23]:

LM =1 =k o) n

where T is the temperature, C> is the second Planck’s constant (1.44 x 102 m-K). ky is a

parameter of the camera which should be determined by the radiometric calibration process.

A(T) 1s the extended effective wavelength, which is defined by the following equation [24]:

e de Bt -
where ao, a1, a2, a3, **-, an are parameters dependent of the whole bench configuration
camera's sensor, lens, surrounding objects, etc.), which should be determined by a priori in
situ radiometric calibration. Due to the short temperature ranges from 873 K to 973 K in this

study, with the description of extended effective wavelength can be achieved with two

parameters ao and a; [10]. Thus, the radiometric model equation can be expressed as:

)

3.2 Radiometric model calibration
In the radiometric model, three unknown parameters 4w, ao and a; should be obtained by
the calibration process. The mean gray level of two blue ROI (Fig. 1(b)) and reference

temperatures provided by pyrometer and thermocouple T2 are used for the radiometric model



calibration. Experiment data and the calibrated radiometric model of steel specimen surface
are shown in Fig. 2. It can be seen that two sets of experimental data obtained by pyrometer
and T2 are in good agreement. Based on all these experimental data, the radiometric model
(red curve) is calibrated using the least square method, and the three parameters of the

radiometric model are obtained and indicated in Table 1.
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Fig. 2 Radiometric model of steel specimen surface and experimental data.

Table 1 Three parameters of radiometric model of steel specimen surface.

kw (GL/s) ao(m™) ar (K-m™)

2.12X 10" 1.20X 108 -3.02X 107

4. To maintain image gray level constant

The main disadvantage of near infrared thermography using silicon-based camera is
that in near infrared spectral ranges the small variation of temperature causes large
modification of image gray level. When the exposure time is maintained constant (red points
in Fig. 3(b)), the mean gray level of green ROI 1 (red points in Fig. 3(a)) increases fast from
135 GL to the maximum gray level of 255 GL as the temperature just increases from 873 K to

906 K. As the temperature further increases from 906 K to 973 K, the acquired images are



destroyed due to the over saturation of images. These saturated images cannot provide any

useful information.
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Fig. 3 (a) Mean gray level of ROI 1 evolves with the increase of temperature with/without exposure time
adjustment; (b) exposure time evolves with the increase of temperature with/without exposure time adjustment;

(c) flow chart of the approach to maintain the image gray level constant.

The exposure time is related to the duration of acquisition and to the amount of
photons collected by the sensor, thus the acquired image gray level can be modified by
adjusting the exposure time of the camera. An algorithm based on radiometric model (Eq.
(3)), which can adjust the exposure time of camera to maintain the image gray level constant
with temperature evolution, is used [25]. The basic equation of radiometric model is an

exponential function and the frequency of camera is constant, thus the intensity of a new



image (1,(i) ) can be given by the intensities of the former two image (1, (i—1) and | (| 2))

based on the specific law of exponential function, which can be given as follows:

_ 1 (-
| (i) =—
2 () (-2 “4)
The Eq. (4) can be expanded as:
S_ 10O _[1G-D | =(-2)
"0=76 L(. —1)} -2 ©)

The objective of this work is to make sure that the mean gray level of new image is equal to

that of the first image (1(i) = 1(1)), thus the new exposure time can be obtained:

(6)

T(i):@X[T(i—n} 1(i-2)

1Ii-1) | z(i-2)
Flow chart of the approach to maintain the image gray level constant is shown in Fig.

3(c), a criterion equation is introduced to control the adjustment of exposure time:

(-D-1,@|<z,i>3 (7)

where | (i—1) is the mean intensity of image number i—1, I, (1) is the mean intensity of the

first image, and ¢ is a critical value chosen by the user. This critical value, as weak as
possible, cannot be exactly zero as it is impossible to acquire two exactly identical images in
reality (noise, vibrations, optical disturbance, etc.).

Based on this algorithm, a home-made Labview software was produced to
automatically adjust the exposure time of the camera to maintain the mean image gray level
of selected ROI during the heating/cooling process. If the temperature is maintained constant,

the intensity is also constant and the new exposure time (z(7)) is equal to the former one (z(i—

1)). Otherwise, the new exposure time can be given by Eq. (6).
In this study, the mean gray level of the green ROI 1 is intended to be maintained

constant by the homemade software. When the critical value ¢ is chosen as 0.05 GL/s and the



frequency of camera is chosen as 1 Hz, the exposure time after adjustment is indicated by
blue points in Fig. 3(b), in which the exposure time decreased with the increasing of
temperature. It can be found that the corresponding mean gray level (blue points in Fig. 3(a))
is almost maintained constant as the temperature increases from 873 K to 973 K, indicating

that the algorithm and software are feasible and reliable.
5. Reconstruction of thermal fields

The thermal fields can be reconstructed based on the acquired images and the calibrated
radiometric model. As indicated in Section 2.2, the thermal field of the red rectangle region 3
is chosen to be reconstructed. The reconstructed thermal fields of the first image is shown in
Fig 4(a), which indicates that the thermal fields of specimen surface are non-homogeneous.
Moreover, two thermocouples (T1 and T3) are used to validate the accuracy and reliability of
thermal fields, and two yellow rectangles (4-1 and 4-2) are chosen to calculate the
temperatures corresponding to these two thermocouples. The temperature of each pixel is
calculated by the pixel intensity and the radiometric model, and the mean temperatures of the
chosen regions can be also obtained. Fig. 4(b) shows the comparisons between the
temperatures measured by thermocouples (T1 and T3) and the calculated temperatures. The

calculated temperatures are in good agreement with the measured temperatures. The

temperature difference AT between the calculated temperature T, and the measured
temperature T, is also calculated as follows:

AT = |Tcal _Tmea| (8)

Figs. 4(c), (d) and (e) show the temperature differences, the distribution of the temperature

: : AT 0 .
differences and relative errors (T—xlOO/o) for T1 and T3, respectively. One can observe

mea
that for T1 all temperature differences are less than 2 K, 94% of temperature differences are

less than 1 K, and the maximum relative error is about 0.2%. For T3 all temperature



differences are less than 2.5 K, 83% of temperature differences are less than 1 K, and the
maximum relative error is about 0.3%. These results indicate that the thermal fields

reconstructed by this novel method are accurate and reliable.
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Fig. 4 (a) Reconstructed thermal field (Unit: K) of the first image; (b) comparisons between measured
temperatures and calculated temperatures; (c) the temperature differences between the measured and the

calculated temperatures; (d) distribution of temperature differences; (e) relative error.

6. Conclusions

Some main conclusions can be drawn as follows:

(1) A low-cost high-resolution CMOS camera can be successfully used for temperature

measurement after radiometric model calibration.
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(2) An algorithm based on radiometric model is used to adjust precisely the exposure
time of camera to maintain the image gray level constant.

(3) Most of the temperature differences between the calculated temperatures and the
measured temperatures are less than 1 K.

(4) Based on this near infrared thermography technique, the accurate and realistic
thermal fields on realistic specimen surface in thermal process can be obtained by
the image intensity.
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