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Infrared temperature measurement correction of three-dimensional
curved surface under complex background
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Abstract: The fracture and shedding of turbine blades in aero-engine systems are intimately linked to blade temperature. The
precise measurement of turbine blade temperature is significant for ensuring the safe operation of aero-engines. However, traditional
infrared radiation temperature measurement methods often face challenges in maintaining accuracy due to factors such as the non-
uniform emissivity of turbine blade materials, pronounced reflections from high-temperature objects in the surroundings, and
variations in detection angles. To address these issues, this article leverages the principles of radiation transfer theory and infrared
thermal imaging temperature measurement to analyze the key factors that influence temperature measurement results. A modified
model for infrared radiation temperature measurement of three-dimensional curved surfaces under complex backgrounds is
formulated. To obtain the necessary parameters for the temperature correction model, the experimental measurement is designed to
determine crucial factors such as emissivity, bidirectional reflection distribution function, and angle coefficient for the curved
surface. By applying the temperature correction model proposed in this study, the infrared-corrected temperature values for the
curved surface are derived. Comparative analysis of these results with temperature measurements obtained from thermocouples
positioned at representative locations demonstrates a reduction in temperature measurement error from approximately 4% prior to
correction to less than 1% . This result substantiates the high accuracy and adaptability of the proposed correction model,
underscoring its potential to provide valuable support for enhancing aerodynamic heat transfer test technology and facilitating the
development of major aero-engine equipment, particularly turbine blades.
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Fig. 1 Infrared thermal imager temperature
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A EE AR R 4, BAR TR IR A —
JETR PR AT 250 AT it A o o AN B4
T SRR R R S ARG 2 S A BT
FrRMRA — R B w A TR R 16 v
AN 15, 9 5 B AN 21 S BB ASCHA 45 45 2 ) R LR,
Pl 4 Jirs, i LA Y p T 0 JE AR 1y ECER R B T i
BRI S B A AR A AN 5T,



5551 R AT SR R R T AT AN R A O 187
ALK 0.950
500 —— 420K RHE
- - 35K REE
0945 — T T T T — - = -
450
s 0.940 |-
B
A% 0.935 |-
350 0.930 -
0925 1 1 1 1
300 2 4 6 8
PR /cm

K4 R 2L MDD B A
Fig.4 The infrared camera takes the image at

a certain moment

G (2) 132 16 NITE A KGR S PR,
;l.z'gfmuufﬁ‘%r“ FHOCI RSP R/INo A . (B SR
I AR BN A1 4 SIAE 420 F1 435 K R 7 A [A] %
ELMHZ{%TE,!IDIE 6 TN, AT LU H R ELE T &
REGEILTIEE, R B & F1 350K 0] 80U 1 1Y

0.950
= 8cm
6 cm
0945+ a 4em Y ¥ Vv
v 2cm
0.940 R A A A
3
#0935+
&
0.930
0925 o =g "
0920 IIIIIIIIIIIIIIIII
ABCDEFGHTIJKLMNOTP
H5
IR GRS i e RN LA M -2 A ]

Fig. 5 The distribution of emissivity at different

positions of the blade at the same time
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Fig.7 Variation of blade emissivity with temperature

S5, PR A 3 Ao e R AR I A 0L ) s S 43 A eRER
WE 8 fizm , R LU 4GRS Al 25 0 8 A LD AN AT
FEUR W — [ A R R B e R K LT AMHBL R
FESHLE, DUAET 5k [0 [ 5 0 2 2 il A o A
JE ARAS I R (0 3 a) S5 5 o3 A pR gk, T R R R
e TE U AR T 60° OB L, 2T AMEHLAZE WS B 6
S8 EJEM X R (18 0 38 5 i 1T LA 22

&9 25 T 2LAMGIE A S 15350128 200 ,30° ,45° 5%
PER I TR /N T 60017 BRDF B, M
&9 AT LAE Y AE AR T R AT, RO 7 1)
FEX 8 e SR, BB ) it A B A At T ) 3R AR 1 S S
B IR T B, B T A ST o A S I - BRI
B NAEAEWE R 5Y
2.4 RAZRHESHIE

AT R A JE L R A R) A7 %
R B 5 TR [R] , 78 21410 I8 8 1 v 75 2 A R R



188 e

'8 BRDF 1524 R 5t
Fig. 8 BRDF measuring system

« NSH=200WEAE — AT =20°9 & 2k
« NFAS30MEE — - NJTA =305 2k
0.020 - + NHFM=45CMIEAE - - - NS fA=45°505 ik
oo} aesTTTTr
x
= 0012}
|
&)
1

0.008

10 1 I5 2‘0 2‘5 3‘0 3‘5 4‘0 4‘5 5'0
Bt a/°)
BlO W W i o 75 1 9 BRDF 73 A2
Fig. 9 BRDF distribution results in the partial direction

of the blade suction surface

APTHEE . ZESE XA SR R 24T R ] B P A% 4] 3, AR
ot e R R BSCIR A5 A TR (18 SN2 T 1 1 A )
TR, G — A PO A Xt I 3 18 4 — A I 114 1 R K
X, ;=X (3) 454 BRDF $ds , il LATH5 AR &R i F X
TR P (R S A AR e 2 T T B3R o Y T S R S e
TRES R,

Sk T 2 PR L R X e R e S TR AP A
FAARIE FEE RS R 7.5 em BRI THEE R R O g — A
PO Xof I 5 - A A A R B R T 10 IR
FTLAE T R URERIEERY | J B e gl o
H ] DX S I DTk R, A AR DU TR T PR

3 #£REoSW

3.1 AEMAERETHERIRESH

BE BN R A FEL R R RN 7.5 em K L TR
HLUREE 7 40V, [RIRHINEH R AHABI 20 min , ZL41 K
FGANHE T TR JRE J8 30° T FAER I i 7 R T L BE A1
W 11 (a) Bz, i FALA RSN, 2D AR A REFA
BRI B0 R, B 11 (a) Hha] DL H 7 5 B i

1.0
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0

K10 7.5 em MR (R R B0 7 48 55 ok o0 A
Fig. 10 Radiation contribution distribution of tested

leaves at 7.5 cm spacing

RS e DU 5 0 3 8 o3 A 5 AT AR AR AR
THRE A (K 4) B BRI A, AFAURIRM & E
AR R e BT R R R R X, 3 e A T R A
FURARAT 1 P Al e 00 A I o e 9 R B R R
¥ BRDF 244,45 A 218 1A XN 17 R A 1F , 25
WE 11(b) B, LA, 2 iR B IE 5 A5
T X SR A T RARAT, P DX L AR A A />

HALK

500

450

400

350

300

(a) AAMEBLR B IR E R
(a) The infrared camera obtains the raw image

BhK
500
450
- 400
350
300

(b) BIEJG KM F iR 5 A
(b) Corrected blade temperature distribution

B 11 LLAMARASOREE I £ M A8 (E 45 R 537
Fig. 11

Infrared thermal imager temperature measurement

and distribution of correction results



545

EISNSHE I P/ o= N T IS Eaw/ SUUH R S

189

Vol TR U EAE O DR R B LIR e < DA
B PR B S EIE  1E 410~ 510 K il B2 X [A]
PR 20 K, XRS5 it il B2 AN A2 1E Kt
HAT 0T, ANR—Metk, % 1 Al TR = B A
FRENE B F 7EAREE T 4 R I, = 1) N
LI S BRI, T, A LA T )i
FE, T, ALBIERLANIE  RAER PG T LIE
S B IE A AR S PRI 0 S A L, TR 2
PIPRAFAE 1% LAY, FELLAMABA B M i iR 25 TR T
3% ZeAy, YW T A TE AR Y A S5 06 I 8 S IR N A A 1Y)
BIERCR,

*£1 EF 2FREETEBELER
Table 1 Correction results at different temperatures

at points E and F

®2 CHRARAMAEBTEESRR

distances at points C and H

Table 2 Correction results under different blade

RS JhpeE  BIERZE

Ty/K T,./K T./K
(AT /% /%
503.74  487.68  498.80 3.19 0.98
483.39  465.96  479.27 3.61 0.85
E A5 463.01  450.42  459.73 2.72 0.71
443.69  429.57  440.87 3.18 0. 64
423.38  410.81  419.33 2.97 0.96
499.89  523.36  495.67 4.70 0. 84
480.24  496.18  476.47 3.32 0.79
F 460.44  478.02  458.87 3.82 0.34
440.74 45421  439.80 3.06 0.21
420.57  432.64  418.73 2.87 0. 44

3.2 ARAMAEEZE THERIREST

M T AERL A & ShHL A iR 48 0 R T 9 B 8 e R s
BETIA IR, A7 2 B3R AN [l i R (8] B R A ST 4 % 1E
RERIAE T, £ 2 h TR COH A B AEAN TR
M R[] BT A A e A I a8 B T, | B AT A VR TR
JE T, FMEIEMILIAMERE T, NFEH o] LLE 16 s
MR Z EIA B 2 5, 6 I W 21 AR B Fn e (= 2%
TR IR 2 TE 1% LA, I TR it R iR E T,
ARSI 3R 21 A B IE IR B AR SR B A B B IE
i
3.3 AEENAETHERREST

FE TR A M S 56 5 b, 20 ANRRA AT AR 224
FAREFOREMITE  (HFE A B S LT AMMR S IR 3 1Y
AR, TR B R AT AMAMG A E A R R A R
BB IERSEE . & 12 45 H T 00 F 30°RFARAA 8 T, 21 A A
BALH MRS S . D AT U 30 AR A3 T 1Y B
B2 R 5 00 B4 4T,

s E FHRRE BIEIRE
{)\J ] #E 1./K T K 7 /K FIRIRZE BIERZE
fiE  /em /% /%
7.5 501.96  482.31 498. 80 3.91 0.63
7.5 483.71  463.25  480.93 4.23 0.57
. 10.0 509.96  493.61 506. 87 3.21 0.61
C K
10.0 486.71 465.82  482.68 4.29 0.83
12.5 508.66  491.35  505.61 3.40 0. 60
12.5 481.89  463.80 479.36 3.75 0.53
7.5 501.00 483.72  497.50 3.45 0.70
7.5 482.80 463.08  480.43 4.08 0.49
10.0 510.86 494.62  507.80 3.18 0. 60
H 8
10.0 490.18  472.61 487.95 3.58 0.45
12.5 510.06  492.54  507.40 3.43 0.52
12.5 483.89  462.88  481.40 4.34 0.51
BAhrK
500
450
400
350
300
(a) TR F7 R0° BT
(a) The detection angle 0°
ALK
500
450
400
350
300

(b) TR A 930°0
(b) The detection angle 30°
12 AR A BE T B B LA R 45 2R
Fig. 12 Direct infrared temperature measurement

results at different detection angles



190 it & M & ¥

#H LR

3 A TR E T M AR SO TE BB AR A9 21
HME IE T HE A AL A B A 225 R R o A, Rl LA
BN TEBUE THUEA R | LLAME IE IR BEAR SR T DL 4Ry
TERSRE ORG L o DED] T AR R ] LR 1 AN [a) £ 0
piili

R3 TRFVAERBETHEELR

Table 3 Correction results under different detection angles

Mri HBEAA

5 i & 1F i
T,yK — T,/K  T.J/K VRIE TR RikiRze

n

P EE/(°) ' /% /%
0 506.86  490.72 504.01  3.18 0.56
. 0 489.53  473.08 487.03  3.36 0.51
30 509.46  491.62 507.68  3.50 0.35
30 492.38  474.61 488.70  3.61 0.75
0 505.95 488.61 503.10  3.43 0. 56
. 0 488.66  471.80 486.17  3.45 0.51
30 508.32  491.09 505.53  3.39 0.55
30 490.67 474.10 489.37  3.38 0.26
4 it
ASCHE T —Fh 275 50 = 4e 25 i R 20 oh 4w 5

HUUMEEBE s i I DR E 4l W HEAR il ML A s ea
R R GPRAYYS) Wy ] BE AN 38— e IR 5 4
MRS, TR T SL B PPN BT i SRR ARAS TR R
SEAR A F B W) S o3 A R SRRV E SR,
T X SEYIVES R AT A . A BT SR AE IE AR AS [+
W IR I TR AR A R A BRI il 4 R AT
EIE, LA HL ) B 00 e 3 B2 S 228 (8 IR DR 22 S AR R
19 LA, 2T AR SCHT A6 R BLA B o A
B2k
[ 1] A, HER, #ar. JEF3R m a2 s g E s
WETFEMSE[ 1], L0AMEAR, 2021, 43(2): 179-185.
FU W CH, FAN CH L, YANG L. Compensation method
for temperature distribution measured by infrared
thermography  for surfaces [ J ].
Technology, 2021, 43(2) . 179-185.
ZHANG X, CHEN L, FU Y, et al. Research on error

non-flat Infrared
[2]

analysis and correction of infrared temperature
measurement for rotating [ C ]. Proceedings of the 2017
12th IEEE Conference on Industrial Electronics and
Applications (ICIEA), IEEE, 2017, 1932-1936.

oo, SRR BT, S5, S TFRSEW N R AR

JEME ZAE TELCARBTE[T]. MHLH AR 4], 2021,

(3]

[4]

(5]

(6]

(7]

[8]

(9]

(10]

35(1): 25-30.
MA SH K, ZHANG T G, CAI J, et al. Research on
turbine blade temperature measurement and correction
technology under background influence [ J ]. Journal of
Test and Measurement Technology, 2021, 35 (1):
25-30.

sRE P, XURH, HAE, 5 LA RERTEAT =
RAWUREEMAF R R [T ], R, 2022,
43(1) . 145-164.

HAN G Q, LIU X M, LEI X H, et al. Application of
optical fiber technology in aircraft

sensing engine

temperature test [ J ]. Chinese Journal of Scientific
Instrument, 2022, 43(1) . 145-164.

R, ARSTE R IR SR T]. Akt
ARERH, 2004, 23(3) :1-7.

DAI J M. Development status and prospect of radiation
temperature measurement|[ J |. Techniques of Automation
and Applications, 2004, 23(3) .1-7.

TR, AT, BV, AF. BAOXUIR oo S e R I
L AN AE R TTIE ()], WUZE B 124, 2014,
29(11) :2679-2683.

HUANG M H, ZANG SH SH, GE B, et al. Method of
infrared thermography measurement for temperature field
of turbine vane in hot wind tunnel [ J ]. Journal of
Aerospace Power, 2014, 29(11) ;2679-2683.

AR BERN. TS AR R S HL IR B R R K e £
W] AUEHE AR, 2015(12) :62-65.

JIAO H B, MO S. Overview of the current situation and
future development of aero turbine engines [ J .
Aeronautical Manufacturing Technology, 2015 ( 12):
62-65.

TLPFAR, SCHE, R, B — 4 B 28 190 2% 1) i 25
KeANHLE L Wik [T ] A I 5 A8 22 i
2023, 37(3) . 179-186.

WU J G, WEN G, YANG K. Improved one-dimensional
convolutional neural network for aero-engine fault
diagnosis method[ J]. Journal of Electronic Measurement
and Instrumentation, 2023, 37(3) . 179-186.

SCHULZ A. Infrared thermography as applied to film
cooling of gas turbine components [ J]. Measurement
Science Technology, 2000, 11(7) ; 948-956.

KERR C, IVEY P. An overview of the measurement
errors associated with gas turbine aeroengine pyrometer
Measurement Science and Technology,

systems [ J ].
2002, 13(6); 873-881.



s K 455 A BT =4 AT S MR 191

[11] KERR C, IVEY P. Optical fouling of the RB199 Journal of the Rmophysics, 2002, 23(5) ; 1401-1405.
pyrometer[ J]. Journal of Propulsion and Power, 2003, [23] DANIEL K, FENG C, GAO S. Application of
19(1): 66-72. multispectral ~ radiation thermometry in temperature

[12] KERR C, IVEY P. Optical pyrometry for gas turhine measurement of thermal barrier coated surfaces [ J].
aeroengines| J]. Sensor Review, 2004,24(4) :378-386. Measurement, 2016, 92. 218-223.

[13] ASTARITA T, CARDONE G, CARLOMAGNO G, et al. [24] EBEE, PNBENN, Zo264. FTHOGEREL LA 0y o5 ik B
A survey on infrared thermography for convective heat SR sh M B[], i 5o6ig 4 #r, 2014,
transfer measurements| J ]. Optics and Laser Technology, 34(6) . 1702-1706.

2000, 32(7-8) : 593-610. QIU CH, SUN X G, LUAN M SH. Compensation method

[14]  FFRkSE, TR, S, 3T BRI =4 m iR of broadband illuminant fluctuation based on spectrum
WSt o A R AR & [T ], RSG5 H ARk, 2008, linear fitting [ J]. Spectroscopy and Spectral Analysis,
20(11); 2931-2934. 2014, 34(6) ; 1702-1706.

WANG Q SH, MA L ZH, ZENG ZH. Image-based [25] &, XUEWE. R R SRME )], BRER
BRDF acquisition for 3D objects with specular b R=2 4R ( ARFFERR) , 2020, 36(5) : 576-581.

reflection[ J]. Journal of System Simulation, 2008, FENG CH, LIU S Y. Turbine blade emissivity
20(11): 2931-2934. measurement [ J |. Journal of Harbin University of

[15] 5k¥, #hok. E2850 M R EGTHR T[T, miEs Commerce, 2020, 36(5): 576-581.

J174fe, 2009, 24(4) : 753-759. [26] uksHm, (EANTE, 2298, 55, BT 0Um) S5 43 A e £X
ZHANG T, SUN B. Numerical computation of view factor PRI S5 R E R B @& MR [T ]. St FF i
of complicated configuration [ J ]. Journal of Aerospace 2021, 41(9) . 116-126.

Power, 2009, 24(4) . 753-759. ZHANG J Y, REN J J, LI F, et al. Adaptive structured

[16] ROOTH R, HIEMSTRA W. Dual wavelength light projection modulation method based on BRDF
temperature monitoring of TBC coated Alstom 13E2 model[ J]. Acta Optica Sinica, 2021, 41(9) : 116-126.
turbine blades[ C]. Power for Land, Sea, and Air, F, [27] 258, A/, Sk, . ZMAENERELHAE
2003, 36843, 581-588. ~b BRDF [ J]. JeH T/, 2008(1) ; 66-70.

[17] 2ZE0, 5. A2 ter R ot R LI X, ZHENG X B, XUN L N, et al. Realization of field
HFgE[T]. Tolkit&:, 2015,25(4) :19-21. BRDF  acquisition by multiangular — measurement
LI Y, CAI J. Design and research of optical system of system[ J]. Opto-Electronic Engineering, 2008 (1) :
scanning multispectral optical fiber temperature measuring 66-70.
device[ J]. Industrial Metrology, 2015, 25(4) :19-21. [28] ZEBH, SRH A AR RS E RS9 BRDF I

[18] BENDADA A, LAMONTAGNE M. A new infrared wIrk[)]. aANSHEOE TR, 2017, 46(1) ; 176-182.
pyrometer for polymer temperature measurement during LI M, ZONG X Y. In-lab system-level BRDF
extrusion molding[ J]. Infrared Physics & Technology, measurement method of calibration diffuser[ J]. Infrared
2004, 46(1-2); 11-15. and Laser Engineering, 2017, 46(1) ; 176-182.

[19] BIRD C, PARRISH C J. Component temperature [29] R, ZE%. BT R0 4E SR B A T R B IR kg R
measuring method ; US, US7003425B2[ P]. 2006-02-21. M ks [)]. 4 AR, 2018, 38(S1):

[20] BROWN L E, BROWN R G, DASGUPTA S, et al. 63-70.

Multiwavelength thermometer; US, US2011128989A1[ P ]. WEN Y, CAI J. Research on the method of measuring
2011-06-02. the emissivity of area radiation sources based on effective

[21] CEZAIRLIVAN A, MCLURE J L, TAYLOR R. radiation temperature [ J ]. Metrology and Measurement
Thermophysical measurements on 90 Ti-6 Al-4 V alloy Technology, 2018, 38(S1) . 68-70.
above 1450 K using a transient (subsecond) technique[J]. [30] fEf, A/, BRitil, & M KaWlinien &
J. Res. Natl. Bur. Stand., 1977, 81(2): 251-256. E\J%vﬂ [J]. BRI ARG 5BF5E, 2011, 24(2)

[22] DAI J M, FAN Y, CHU Z X. Development of a 45-48.

millisecond pulse-heating apparatus [ J ]. International

XIONG B, SHI X J, CHEN H M, et al. Aero-engine



192 % & L F ¥

a4t

turbine blade emissivity measurement[ J|. Gas Turbine
Experiment and Research, 2011, 24(2) . 45-48.

[31] REYHANI M R, ALIZADEH M, FATHI A, et al.
Turbine blade temperature calculation and life estimation-
a sensitivity analysis [ J ]. Propulsion and Power
Research, 2013, 2(2) . 148-161.

[32] WANG G, ESTEVADEORDAL J, NIRMALAN N, et al.
Real-time burst signal removal using multicolor pyrometry
based filter for improved jet engine control[ J]. Journal of
Turbomachinery, 2015, 137(8) : 081008.

[33] FRANK S L F. Surface temperature mapping of gas
turbine  blading by means of high resolution
pyrometry[ J]. Annals of the New York Academy of
Sciences, 2001, 934(1) . 257-264.

[34] HAN]J C. Fundamental gas turbine heat transfer [ ] ].

Thermal  Science  and

Journal  of Engineering

Applications, 2013, 5(2) . 021007.
fEEE N

HRF,2020 4F TR TR ARG
L R AR R KA AR R A, R
FEI7 1] A R D
E-mail: 220200404@ seu. edu. cn

Zhang Tianyu received his B. Sc. degree
from Wuhan University of Technology in 2020. He is currently a
postgraduate at Southeast University. His main research interest

is radiation thermometry.

775588, 2007 4FF R AL A R R4
T2, 2011 AR T UL BIAR 23 AT R R 4K
2 o, B Hp A R O TR =R FE T
FERE R G T AR, RS T5 0] = ARG
SR,
E-mail :639164302@ qq. com

Fang Hongyi received his B.Sc. degree from Nanjing
University of Aeronautics and Astronautics in 2007, and received
his M. Sc. degree from Shenyang Aerospace University in 2011.
He is currently a senior engineer at AECC Sichuan Gas Turbine
Research Institute. His main research interests include air system
and thermal analysis test technology.

SKAZ (Jd 15 1 ) , 2008 4, 2010 4F Al
2014 4F TG IR Tl RAEARAG 272 i
R A, B AR R R U
ERWITT W o PR STHE TSE Z YEE

) il AP I AT A
E-mail ; zhangbiao@ seu. edu. cn

Zhang Biao ( Corresponding author) received his B. Sc.
degree, M. Sc. degree and Ph.D. degree all from Harbin
Institute of Technology in 2008, 2010 and 2014, respectively.
He is currently an associate professor at Southeast University. His
main research interests include radiative heat transfer calculation,
multidimensional temperature field measurement, combustion

diagnosis, and multiphase flow measurement technology.



