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Fig. 5 Induction eddy current heating device
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Fig. 6 Gray—temperature fitting curves at two wavelengths
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(b) Molten pool printing process
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Fig. 8 Experimental arrangement of on-line measurement of molten pool temperature
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Fig. 9 Evolution of molten pool temperature field with time during printing

HAE M EAT, 45 A (2D KA, 2 P K A= 780 nm B, 4 SR TR S 1600 K, B 2 0 i 1 BR A
iR 4 015 K, 3 845 B2 O 2 415 K5 494 A= 905 nm i, Q2R T BR > 1600 K82 I i 1 BR AT 3k 5 288 K,
T 25 12 O 3 688 Ko 45433 (22) K , WIS T AR BE T B0 J b 488 5 o JE2 05 2 20 A S AR ML Y A Je/METE A
HTED R0 ab A K 5 6 () 9 B0 0 00k 5 32 10 320 AT << 2 415 Ko P19 v (i 47 b 1L 138 37 2 7 A ) B8 ' it )
HITBILE R 0 A5 3810 9, m] & BUAS U5 36 e g B0 00 3 915 T J2 1 600 ~ 3 000 K, 0 1 25 3 m 3k 1 400 K, 5%
Bo 45 5 HOL o M AR MR o L G IR BR BRI T P A AR R R J0 A 1B [ — A B I ) S B A
AL B A 2l 285 90 BT A AT o S 6 245 2R Y R0 0 S 25 2 IR B LRI R B o A S SRS B i AR
A 4 B DI B ], 22 Y0 S0 45 3 4 R G A9 I ER A TR D 1000 ~ 4 000 Ko

HOOPER P A" ] I H 60,900 I 43 A 0 ek 400 A5 A PRI W 18 2 397 90 A 168, 25065 % 1817 AR AL I bR 20 L %
A B 6 A0 588 B2 DA B 5 5 D0 Y o 0o 287 R DA M G BRI, e X 72 700 nm A1 950 nm A1 D4y B €4 0 3 75 A9 P

0211003-10



BSOS BRI I B A AL S 00 L Y L R ) R K A

AN TAE WA o SCHR T o AR AL 09 4% 8% 2 0 R 3 2898 [T R) A 2 60 dB , 55 J5 76 100 kHz (4 T 8 1 10 s (14 1
JGI )T, A AL A SR 28 A UG (1 15 25 5 P85 T 0 T A R a5, 30 P I 7 1 P A% JR e 110 4 Bl 25 91 T, S 96 45 21 0 7
T [F 2R 2 000 ~ 4 000 K, 3 #5 B 2R 2 000 K, 52 488 7R I i 5 [ R 1000 ~ 5000 Ko % b A 352 56 25 5L, 52
65 P 5 B VR N S B R /0N A R 5 N Sk 3 R AL A N 7 AR U B AN [ L W s T 7 3 B 0 4 fif A
JEER B B AL EE ST ,HOOPER P A RS2 56 By IR 5 FE A 2 4R 5 T 42.9%

4 Zie

AR SCEE A AL IS e 20 B 1 B AR BT S5 00 30 0 B0 0 T S Pl 57 0 DAL, 36 e 168 9T i A 12 6 A A
TR TR LI i EAT S B . 25 R AR W] - AR R A 1Y B AV BRI R SE Y TAE B A N ERIE B oE T AN IR
3 A B B0 I 3 5 B ) i R 5 R B AL R A0 S B U R Y LA 0 4 5 O AR
A3 5 I, 2 BEAE T £1 A0 6 A5 1 I Be Ve T AR S, 21 I 6 X 52 Sy i ik 23 A 39 I, 2% TR AT L O 45 JL i B 3ot B
AR 5 & B A I B R S8 b ko' R B B AR I L S HUE R DAY E L IR VR A S R
[l 5 22 YA & B S [R] |, DUORIE W] DA P A% 8k 09 42 sl 250 FL, O DA S B SRR AL 9 T 52 9 161 A 4 4 =
F o W T AR ROt O KB AR Y E RN B T A R 2D I SRR RO
S & Uk
[1] DAVY M H, GARNER C P, KIRCHEN P, et al. Two-colour pyrometry measurements of low—temperature combustion

using borescopic imaging[ C]. Proceedings of the 2021 SAE WCX Digital Summit, 2021.

[2] PAN D, JIANG Z, CHEN Z, et al. Temperature measurement and compensation method of blast furnace molten iron

based on infrared computer vision[ J]. IEEE Transactions on Instrumentation and Measurement, 2018, 68(10): 3576-3588.
[3] SORRENTINO G, SABIA P, JOANNON M, et al. Influence of preheating and thermal power on cyclonic burner

characteristics under mild combustion[ J]. Fuel, 2018, 233: 207-214.

[4] SUN Shang. Study on radiation temperature measurement under high temperature background [D]. Harbin: Harbin

Engineering University, 2021.

PN R IR ST R SR SR [ D )L MR MR TR, 2021
[5] ZHANG Yongjin. Research on temperature field measurement system based on digital image processing technology [D].

Harbin: Harbin University of Science and Technology, 2017.

TR OIHE BT RO AR AL S R AR IR B A RGBT TE LD )L MR MR IEEL TR, 2017,

[6] TANG Y, ZHANG J, MENGKUN Y, et al. Deep learning-based super-resolution images for synchronous measurement

of temperature and deformation at elevated temperature [J]. Optik, 2021, 226: 1657-1664.

[7] SUN Huajie, SHI Shihong, SHI Tuo, et al. Research of close-loop control of molten pool temperature during laser

cladding process based on color CCD[J]. Laser Technology, 2018, 42(6): 745-750.

PMVEA, AIHZ, A0, % BT R CCD R BMOL R B b IR P SR B 5[], BOLEOAR, 2018, 42(6) : 745-750.
[8] FIRAGO V, WOJCIK W. High-temperature three-colour thermal imager[J]. Przeglad Elektrotechniczny, 2015, 91(2) :

208-214.

[9] HAO C, LIU Z, XIE H, et al. Real-time measurement method of melt pool temperature in the directed energy deposition
process[J]. Applied Thermal Engineering, 2020, 177: 115475
[10] LIU Zhanwei, HAO Ce, XIE Huimin, et al. An optimized temperature measurement method based on single camera
colorimetric temperature measurement system: China, 110954222B[ P ]. 2020-11-03
XA R, R, A5 —Fh ST HRTHIL L € 00 R AR S8 R O8I0 I T v T, 110954222B[ P . 2020-11-03.

[11] HAO Ce, LIU Zhanwei. Application of single-camera melt pool surface temperature field measurement technique in
LENS process[ C]. Proceedings of the 26th Annual Conference of Beijing Mechanics Society, 2020: 1704.
B, XA . HRE AL 2 1D VLB B I e B OR AE LENS o B efr i i FHLC L. b st Jy 2 2556 26 Jm 2% RAE S S0,
2020: 1704.

[12] SUN Yuan, PENG Xiaoqi, LI Sheng, et al. Research on dynamic range of CCD radiation temperature measurement[J].
Transducer and Microsystem Technologies, 2008, (2): 24-26.
INTT, /NG, B, A CCD RS INNR py sh AW BT E [T]. A ias 5 R 58, 2008, (2): 24-26.

[13] HANJ, ZHOU C, DUAN P, et al. Neuromorphic camera guided high dynamic range imaging[ C]. Proceedings of the
IEEE/CVF Conference on Computer Vision and Pattern Recognition, 2020: 1730-1739.

[14] RIZA N A, MAZHAR M A. 177 dB linear dynamic range pixels of interest DSLLR CAOS camera[J]. IEEE Photonics
Journal, 2019, 11(3): 1-10.

[15] BOYERT H. Blackbody radiation in classical physics: a historical perspective[ J]. American Journal of Physics, 2018, 86

0211003-11



T o AR

[16]

[17]

[22]

[23]

(7): 495-5009.

LI Hui. Study on flame temperature filed three-dimensional reconstructions based on emission spectral tomography [D].
Nanchang: Nanchang Hangkong University, 2007.

BRSPS E AT KGR = e AT (D] m S e A R, 2007,

HAO Ce, LIU Zhanwei. Colorimetric temperature measurement method of two-band based on single CCD [C].
Proceedings of the 24th Annual Conference of Beijing Mechanics Society, 2018: 39-40.

R, XA . e T8 COD XU B Lo il i 0y 2 [ C 1. db st ) 2 2258 = DU 2% R AR 2 280G 308, 2018 39-40.
HONNER M, HONNEROVA P. Survey of emissivity measurement by radiometric methods[J]. Applied Optics, 2015,
54(4): 669-683.

LIU Jiwei. Visible and near-infrared two-color imaging temperature measurement technology [D]. Xi'an: University of
Chinese Academy of Sciences (Xi'an Institute of Optics and Precision Machinery, Chinese Academy of Sciences), 2020.
X2 T LG - £ AR USRI H AR AT ST LD ). 74 2%« op [ERE 27 B K2 (b R 27 B 19 22 5 2 6 2% DL 92 )
2020.

SONG Xianjie, HU Rongsheng. Conversion of illuminance to irradiance[J]. Lamps &. Lighting, 1997, (1): 20-21.
R, WA OB IR B AN N A 4 [ 0] DRSS IR IT, 1997, (1) : 20-21.

FU Tairan, CHENG Xiaofang, ZHANG Maohua, et al. Relationship between temperature range and wavelength
bandwidth for multi band pyrometry[J]. Spectroscopy and Spectral Analysis, 2008, (9): 1994-1997-+ 2005.

FEZIR, FRIGET, PPl A5 T Bl 98 Ay 3% B I i s B R A8 B2 A (). S8 22 5035 40 BT, 2008, (9) = 1994~
1997-+2005.

ZHANG Lin, ZHANG Zhijie, LI Yanfeng. Application of dual-waveband colorimetric temperature measurenment
technology[J]. Modern Electronics Technique, 2019, 42(8): 1-5.

TR, SRR, A BUR B A R BOR AR LT]. AR TR, 2019, 42(8): 1-5.

WU Haibin, ZHANG Tieyi, ZHOU Houwei, et al. Selection of two—color wavelengths in colorimetric temperature
measurement of uncooled IRFPA[J]. Journal of Atmospheric and Environmental Optics, 2012, 7(5) : 385-389.

SR, RBRPE, R, A5 L AR B L0AME T T S L IR XU K n e B [T ] RS EE i, 2012, 7(5):
385-389.

WANG Yukun, XIAO Chunsheng. Discussion on the key technology of infrared radiation temperature measurement[J].
Changjiang Information & Communications, 2020, (6): 45-46.

ERI, H AR LM R G R B [T ). (R B AR, 2020, (6): 45-46.

CHEN X, TIAN G, WU J, et al. Feature-based registration for 3D eddy current pulsed thermography[J]. IEEE Sensors
Journal, 2019, 19(16): 6998-7004.

MA H, MAO Z, FENG W, et al. Online in—situ monitoring of melt pool characteristic based on a single high—speed
camera in laser powder bed fusion process[ J]. Applied Thermal Engineering, 2022, 211: 118515.

FENG W, MAO Z Z, YANG Y, et al. Online defect detection method and system based on similarity of the temperature
field in the melt pool[J]. Additive Manufacturing, 2022, 54: 102760.

LIU Zhanwei, MA Heng, XIE Huimin, et al. Online monitoring device and method for high speed high resolution high
precision ultra-high temperature molten pool temperature field: China, 112212977B[P]. 2022-02-08.

XUKEHS , Shfe, AR, A% o T o0 R R e T vl B 1 A S S Tk PR, 1122129778 P 2022~
02-08.

HOOPER P A. Melt pool temperature and cooling rates in laser powder bed fusion[J]. Additive Manufacturing, 2018,
22: 548-559.

Analysis of the Influencing Factors of Radiation Temperature Measurement
Range of a Single Camera at a Certain Exposure

HUANG Wendan, MA Heng, LIU Zhanwei
(School of Aerospace Engineering, Beijing Institute of Technology, Beijing 100081, China)

Abstract: As a common means of non-contact temperature measurement technology, radiation
temperature measurement is often limited by the performance of the detector, and the temperature
measurement range is narrow, which can not meet the measurement needs of wide temperature range
distribution. The analysis of radiation temperature measuring range and influencing factors of a single
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camera has certain application value in practical engineering applications. As the error of temperature
measurement is an important issue to be considered in the process of temperature measurement, this paper
briefly introduces the principle of monochrome temperature measurement and two-color temperature
measurement and analyzes the influence mechanism of temperature measurement error in detail. The
accurate measurement of emissivity is the key factor affecting the error of temperature measurement in the
monochromatic method. The accuracy of the colorimetric method is higher than that of the monochromatic
method, which can meet the need of temperature measurement accuracy in actual working conditions.
Aiming at the problem that the temperature range of the single camera is narrow in the process of single
wavelength temperature measurement, the process of object radiation energy conversion into camera and
imaging is introduced in detail from the process of single wavelength temperature measurement, and the
theoretical formula of the influence of camera sensor dynamic range and working wavelength on the
temperature range of the single camera is derived. Combined with the formula, then the influence
mechanism of exposure time on the temperature range of radiation thermometry was analyzed, and the
influencing factors in the process of band selection are analyzed. The reference principle of band selection is
given to select the band where the object radiation is stronger than diffuse reflection and ambient light as far
as possible. In colorimetric thermometry, the selection of two working bands should be close to meet the
premise that the emissivity of the two bands is approximately equal. The central band and bandwidth of the
filter should be selected according to the actual conditions of the test, in order to ensure a high temperature
measurement accuracy and a wide range of temperature measurements. The theoretical analysis results
show that the selection of camera dynamic range and wavelength limits the maximum span of temperature
measurement range during one exposure. When the camera sensor is uniquely determined, the dynamic
range of the camera is certain, and the working band is selected according to the band selection principle.
After the lower limit of the estimated temperature range is selected, the upper limit of the temperature to be
measured can be determined by the formula. Then the band and the lower limit of the estimated
temperature are adjusted according to the actual temperature measurement range. By adjusting the exposure
and aperture, and making full use of the full dynamic range of the camera sensor, the measurement of the
wide temperature range in the radiometric thermometry method of a single camera can be realized.
According to the formula, combined with the induction eddy current heating device, the relevant
experiments are carried out, and the measurement of a wide temperature range in the single camera
radiometric method is realized. Combined with the on-line measurement of the molten pool temperature
field, the spectral response function of the camera and the characteristics of the optical components were
considered comprehensively, and the relevant verification of the formula was carried out. In addition, for
the distribution range of different temperatures, the influence of working wavelength and exposure time on
the temperature range is similar, which verifies the results of the theoretical analysis. The selection of
better wavelength and better exposure time can improve the single temperature measurement span by at
least 40% , which provides important technical reference for the specific implementation of single camera
temperature measurement technology.

Key words: Optical measurement; Wide temperature measurement range; Radiation temperature
measurement; Camera imaging; Dynamic range; Colorimetric temperature measurement technology
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