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Abstract: Infrared sensors are applied more and more widely in industrial production applications.
Based on the theory of thermal radiation, this paper discusses the system design principle, temper-
ature calibration method and thermal image analysis method in detail. The system has passed the
measurement unit certification, showing that the field of view is 180°, the number of scanning points
is 2048, the linear velocity is 10-100Hz, the spatial resolution is 2.5mrad, and the precision is +1°C.
On-line monitoring test has been done in the steelmaking plant of Bao Steel. The results show that
the system has strong anti-interference ability, stability and reliability, and meets the application
requirements of online monitoring.
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L. INTRODUCTION

The torpedo car is a very important large-scale molten iron transportation equipment
in the steel industry. It is a torpedo-type molten iron tank used in a large blast furnace. It
is also called a mixed iron car. It has good insulation conditions, small heat loss, and in-
sulation time. What's more, it is energy-saving and enduring. Because of the large volume
of the car, it can also store molten iron to coordinate the temporary imbalance of ironmak-
ing and steelmaking. At the same time, it can replace the steel-making mixer and ordinary
molten iron car to complete desulfurization, dephosphorization and other operations dur-
ing the transportation of molten iron [1, 2].

The lining may crack, bulge and spall due to chemical erosion, mechanical erosion
and rapid cooling and heating. Due to its high cost of maintenance, repair and replace-
ment, continuous monitoring and temperature detection are required to determine the
lining of the torpedo car. When the refractory material is locally damaged severely but
not found, it will cause a serious accident [3, 4].

Infrared temperature measurement[5] is an effective, fast and noncontact measure-
ment technology that is especially suitable for measuring the temperature of moving ob-
jects[6] .To our knowledge, the traditional measurement method is commonly used, that
is the relevant staff carry portable infrared instruments to detect the quantity of torpedo
cars on the transportation railway [7]. Not only this method is labor intensive, but also the
measurement results are not stable, especially in hot or rainy and snowy weather. In order
to improve the efficiency of monitoring and measurement stability, and effectively reduce
the labor intensity of related operators, on line infrared sensors are used for scanning and
imaging[8, 9].

In this work, temperature calibration model is proposed, and an on-line monitoring
system for temperature field of torpedo car is developed. The panoramic thermal image
of torpedo car is obtained by equiangular scanning. The inner lining thickness is simulated
by thermal map, and the temperature map is drawn according to the body shell size. Fi-
nally, the safety alarm and accurate positioning are realized.
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II. THEORY & METHOD
2.1. Infrared radiation theory

According to Plank's law of black body radiation [10], As long as the temperature
of any object in nature is higher than absolute zero (-273.15°C), it will emit energy in the
form of electromagnetic radiation in a very wide range of wavelengths, generating elec-
tromagnetic waves (radiation energy). Different materials, different temperatures, differ-
ent surface brightness, different colors, etc., emit different infrared radiation intensity.
Planck’s radiation law gives the specific spectral distribution of blackbody radiation. At a
certain temperature, the energy radiated by a blackbody per unit area in unit time, unit
solid angle and unit wavelength interval is:
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B(2,T) - Blackbody's spectral radiance (W -m”-S™" - um" )

¢- Speed of light (2.998%10°m-s")

T - Absolute temperature of blackbody (K, T=t+273)

h - Planck constant (6.626%107%J -s)

K - Boltzmann constant (7.380*10%J-K")

At a certain temperature, the spectral radiance of a black body has an extreme value,

and the position of this extreme value is related to the temperature. This is the Wien dis-
placement law (Wien)[11]

A XT=2898(um: K) (2)

4, + Wavelength at maximum blackbody spectral radiance

T - Absolute temperature of blackbody (K, 7=t+273)

The normal temperature range of the shell of torpedo car is 100°C~500°C, so we
choose medium wave infrared detector (3~5um) , probing to get the maximum signal-to-
noise ratio.

According to Planck's formula (1), we put forward the voltage response model of the
infrared detector (3):

v-— A ¢ 3)

exp( )—1

t+273.2

Here, t is the target radiation temperature, U is the voltage signal output by the de-
tector, A,B,C is correlation coefficient.

2.2. System design

As shown in Fig. 1, we design a high-speed line scan infrared temperature measure-
ment system, which uses synchronous motor scanning and real-time image processing to
realize the reconstruction and visualization of the two-dimensional temperature field of
the moving target. It is composed of a refrigerated infrared temperature measurement
module and a DC brushless Motor synchronous scanning module, high-speed signal ac-
quisition and processing module, computer real-time image splicing and other technical
components. The infrared sensor mainly receives the radiant energy emitted by the meas-
ured object, focuses it on the detector through the receiving lens, completes the conversion
of the optical signal to the electrical signal, and then obtains the voltage value by low noise
amplifier, filtering, and analog-to-digital conversion.
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Figure 1. System Block.
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Figure 2. ADC sample based on equal angle scanning.

In Fig.2, the SAR ADC sampling module obtains the voltage signal of the infrared
detector [- 5V, + 5V] and converts it into absolute voltage in the range of [0,5].

v, =Le*> y _ade_data-V,,.Vine[-5.+5]

ref

Here, Vo is the digital output voltage, Vin is the AD sampling output voltage, and
Vref is the reference voltage of ADC.


https://doi.org/10.20944/preprints202107.0528.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 23 July 2021 d0i:10.20944/preprints202107.0528.v1

4 of 8

(cnt_4096<14'd512)&
(cnt_4096<14'd1536)

Vref_temp<=Vref_temp+adc_
data

Vref<=Vref_temp>>10
Vref_temp<=16'd0

(cnt_4096>=14'd2048)

&(cnt_4096<14'd4096) ozedc dataxViel

cnt_4096=0

cnt_4096++ (<€

|

Figure 3. FPGA based digital signal processing with inner blackbody compensation.

As shown in Fig. 3, in order to compensate for the influence of background radiation,
we carry out real-time temperature correction through background sampling.The key
technical index is listed in table 1.

Table 1. key technical index.

parameter value
wavelength range 3-5um
FOV 180°
focal length 100mm
pixel number/line 2048
sampling rate 500kSPS
scan speed 10-100Hz
precison £1C
spatial resolution 2.5mrad

2.3. Temperature calibration

As shown in Table 2, we use a standard black body (M315-HT, LumaSense, USA) to
calibrate the measurement data of the infrared sensor, and obtain the relationship data
between the black body temperature t and the output voltage U of the infrared sensor.

Table 2. calibration data set by blackbody.

t (C) (S
80 0.04
95 0.05

100 0.06
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130 0.12
150 0.18
200 0.42
230 0.65
250 0.85
260 0.95
270 1.2
280 1.3
290 1.4
300 1.55
310 1.7
320 1.9
330 2.1
340 2.3
350 25
380 3.25
400 3.8
450 5.45

According to formula (3), we can get the temperature inversion formula (4) of the
temperature measurement system:

- B 73 (&)

log( +1)

U+C

As shown in Fig. 4, we use the Matlab R2016a curve fitting tool to perform curve
fitting on formula (3), and obtain the correlation coefficient: A=631.2, B=3444, and
C=0.002758.
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Figure 4. Curve fitting of temperature voltage response model.

III. EXPERIMENTS

As shown in Fig.5, the main equipment at the monitoring site includes 2 Scanners (in
the red dashed line ellipse in Fig. 5); 4 RFID antennas (in the yellow dashed line circle in
Figure 3); and RFID tags installed on the torpedo car (Each torpedo car is equipped with
4 RFID tags, 2 tags both on the front and back sides). The system collects, calculates and
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transmits temperature data on the shell surface, and transmits it to the central control
room through an optical fiber network. The software adopts the B/S(Browser/Server) ar-
chitecture. The main equipment in the central control room is the temperature data server
and the large-screen display platform in the console. The large-screen display platform is
used for real-time display, and the temperature data server can be used for off-line data
analysis.

Figure 5. On line monitoring application.
IV. RESULTS AND DISCUSSION

4.1. Real time analysis of heat map
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Figure 6. Mechanical of 320t torpedo car.
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Figure 7. Thermal imaging and axial temperature profile.

As shown in Fig.7, the speed of torpedo car with two tanks is about 6-10km/h, we use
the pseudo-color to describe the surface temperature field distribution on the two sides of
the torpedo car. By comparing the temperature corresponding to the color scale on the
left, the temperature and relative height of each surface position can be visually distin-
guished from the figure. Through the temperature information fed back from the graph,
it is analyzed and inferred whether the torpedo tank body lining is damaged, whether
there is sediment at the bottom, etc., as well as the specific geometric dimensions and
precise physical location on the surface of the torpedo car when the above situation occurs.
Based on the heat transfer model and boundary conditions[12], we perform linear map-
ping, which can simulate the radial temperature distribution of the car shell, providing a
basis for the design of refractory linings and the establishment of accurate heat transfer
models.

4.2. Statistical analysis of heat map
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Figure 8. image reconstruction of torpedo car.
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As shown in Fig.8, image reconstruction and unit segmentation (20*10 elements) are
performed based on the axial temperature data and the physical model of the shell.

Each unit is preset to a limit value of 350°C. Whenever a temperature value higher
than this preset value is read, the system outputs the high temperature alarm status, and
displays the temperature value table of each unit on the monitor screen, and informs the
operator of a "high temperature" alarm by voice.

V. CONCLUSION

The temperature of the torpedo car shell is 100-500 degrees Celsius. Low-cost area
array thermal imaging cameras mainly use uncooled long-wave infrared technology (8-
14 microns). There are phenomena such as large temperature measurement errors in high-
temperature sections, inaccurate data, poor environmental adaptability[13, 14].According
to Wien's law, to accurately measure the temperature, the mid-wave infrared imaging
technology can obtain the best performance. The cooling medium wave infrared scanning
temperature measurement system can cool the detector thermoelectricity and compensate
the temperature, which can output data steadily day and night; the unique large field of
view (0-180 degrees) is especially suitable for online detection of moving objects; in order
to adapt to rain, snow, fog and other weather, the installation distance should not be too
far; in addition, it can simulate the lining thickness and locate the fault accurately. To assist
in the analysis and infer the damage trend of the inner lining, and then help determine
when the torpedo car is repaired which not only greatly reduces the manpower and ma-
terial costs, but also reduces the number of spare torpedo cars.
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