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Temperature Inversion Algorithm for Multi-Spectral Measurement of
Material Shock Radiation Characteristics
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Abstract The shock radiation temperature of materials is an important physical parameter for the study of equation
of state under the action of high temperature and high pressure, which is of great significance to weapon
development, scientific research, and industrial manufacturing. Aiming at the characteristics of instantaneous non-
contact, complex measurement environmental noise, and unmeasurable emissivity inverted by temperature, a new
temperature inversion method is designed to improve the accuracy of temperature acquisition. According to the
constrained optimization theory, the multiplier penalty function method and particle swarm optimization (PSO)
algorithm are combined to realize the series of the two models, and the PSO-multiplier penalty function algorithm is
improved. The results show that the hybrid model solving method fully combines the advantages of the two single
algorithms and improves the temperature inversion accuracy and operation efficiency of the test data of impact
radiation. It provides a guarantee for studying the real temperature of material under impact radiation.
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Table 1 Emissivity model of matter

Sample 0.4 nm 0.5 nm 0.6 nm 0.7 nm 0.8 nm 0.9 nm 1 nm 1.1 nm
A 0. 85 0. 80 0.75 0.70 0. 65 0. 60 0. 955 0. 50
B 0. 50 0.55 0. 60 0.65 0.70 0.75 0. 80 0. 85
C 0. 85 0. 80 0.75 0.70 0.70 0.75 0. 80 0. 85
2 A M ET =R 80 0 IR ST 25
Table 2 Temperature inversion results of three models with different values of M K
Sample M=0.1 M=0.2 M=0.3 M=0.4 M=0.5 M=0.6 M=0.7 M=0.8 M=0.9
A 2016. 31 2017, 42 1982. 83 1983. 56 2016. 71 2016. 37 1982. 74 2016. 91 1983. 57
B 1972. 83 2026. 23 2026. 87 2026.13 1972.03 2026. 62 2026.92  1973.60  2027.52
C 2009. 04 2008. 54 2009. 20 2008. 15 1991. 54 1991. 54 1991. 54 2008. 95 2009. 65
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Fig. 1 Emissivity of three models with different values of M. (a) Model A; (b) model B; (¢) model C
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Table 3 Temperature inversion results of three models with different values of « K
Sample 2 2.5 3 3.5 4 4.5
A 2015. 15 1984. 11 2014.61 1985. 88 1984. 77 2015. 18
B 1967. 40 2033. 94 1966. 74 1967. 68 2032. 56 2033. 46
C 2006. 01 2007.79 2006. 77 2007. 44 1992.73 2006. 85
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Fig. 2 Emissivity of three models with different values of a. (a) Model A; (b) model B; (c¢) model C
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Table 4 Inversion temperature results of three models with

K

different values of w

Fixed value Linear iteration Improved iterative
Sample

w value w value w
A 2037.1 2027.6 2016.6
B 2043.6 1951. 2 1961. 3
C 2020. 1 2003. 6 2003.1

MR w R BEEREE R oo, I E
1. 49445 Fl ¢\ vc, Bk 3% AR S B IR BE Sz 3 45 2R 3k
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Table 5 Temperature inversion results of three models

K

with different values of ¢, and ¢,

Fixed values Improved iterative values

Sample

¢, and ¢, ¢, and ¢,
A 2034.1 2026.7
B 1950. 4 1970. 1
C 2043. 8 2035.2
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Fig. 3 Emissivity of three models with different values of w . (a) Model A; (b) model B; (¢) model C
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Fig. 4 Emissivity of three models with different values of ¢, and ¢, .
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(a) Model A; (b) model B; (¢) model C
BT Bk R RO 5T R AR L . LR A
S e R R B AL SR A E b R R, 45 31 2 () A Y
U ARL bR i L SR 5 R % G B g 5 Ol 3T T S oA B
IR GRER NI T A NE R TN R RS Sy (N
XRE AR E A R 5 IR T T 1k R 0D U (L 3k O
R F ] B[] Bof & 2 JEG AR 1 e e M A DA B RE AR
SR/ R A SRR B L R AN 5 R KIS 2

Begin
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Establishing objective A new objective function
function F(x) for constrained penalty function F(x) for

optimization problems constrained optimization
problems is established

'

Approximate solution
Zvest Of the function is Solve the optimal solution
obtained by particle swarm that minimizes minf{x)
optimization l

Take it as the initial solution
X© of the multiplier
method, and determine the
parameters required by the

Output object emissivity &
and true target
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Fig. 5 Combined algorithm flow diagram
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Table 6 Effective wavelengths of 8 channels

Channel No. 1 2 3 4 5 6 7 8

Wavelength /pum 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1
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e 4 Xt A1 ] B RE A HE AT T 05 O 2k = Fh 7 ik b
R A SR AN SR 8 PR

FUA G BB 00 2 5 5 5 W R ) 092 O B ARk
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22 9 285 95 R R E 8RR 3R ) R RO ik B
RO T /N — 3k . {2 BP M 22 0 45 530 1 1
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o2 SR B0 45 R A MET VB . R T
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o 50 °C L, e RAHX IR 2200 2. 067 00, S 3 45 SR AR
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Table 7 Emissivity samples of 8 channels

Sample 1 2 3 4 5 6 7 8

Al 0.85 0.80 0.75 0.70 0.65 0.60 0.55 0.50
A2 0.85 0.83 0.81 0.79 0.77 0.75 0.73 0.71
A3  0.80 0.75 0.70 0.65 0.60 0.55 0.50 0.45
A4 0.80 0.78 0.76 0.74 0.72 0.70 0.68 0.66
A5 0.75 0.70 0.65 0.60 0.55 0.50 0.45 0.40
A6 0.75 0.73 0.71 0.69 0.67 0.65 0.63 0.61
A7 0.70 0.65 0.60 0.55 0.50 0.45 0.40 0.35
A8 0.70 0.68 0.66 0.64 0.62 0.60 0.58 0.56
A9 0.65 0.60 0.55 0.50 0.45 0.40 0.35 0.30
Bl 0.50 0.55 0.60 0.65 0.70 0.75 0.80 0.85
B2 0.71 0.73 0.75 0.77 0.79 0.81 0.83 0.85
B3 0.45 0.50 0.55 0.60 0.65 0.70 0.75 0.80
B4 0.66 0.68 0.70 0.72 0.74 0.76 0.78 0.80
B5 0.40 0.45 0.50 0.55 0.60 0.65 0.70 0.75
B6 0.61 0.63 0.65 0.67 0.69 0.71 0.73 0.75
B7 0.35 0.40 0.45 0.50 0.55 0.60 0.65 0.70
B8 0.56 0.58 0.60 0.62 0.64 0.66 0.68 0.70
B9 0.30 0.35 0.40 0.45 0.50 0.55 0.60 0.65
Cl 0.85 0.80 0.75 0.70 0.70 0.75 0.80 0.85
C2 0.80 0.78 0.76 0.74 0.76 0.78 0.80 0.82
C3 0.78 0.76 0.74 0.72 0.70 0.72 0.74 0.76
C4 0.76 0.74 0.72 0.70 0.68 0.70 0.72 0.74
C5  0.75 0.70 0.65 0.60 0.65 0.70 0.75 0.80
C6 0.74 0.72 0.70 0.68 0.66 0.68 0.70 0.72
C7 0.72 0.70 0.68 0.66 0.68 0.70 0.72 0.74
C8 0.70 0.68 0.66 0.64 0.62 0.64 0.66 0.68
C9 0.68 0.66 0.64 0.62 0.60 0.62 0.64 0.66

8 = I AS RN A = RIOB R ) IR R I A

Table 8 Temperature inversion results of three models obtained by three methods

Least squares method

BP neural network IPSO-multiplier penalty function

o Reference
Emissivity Relative Relative Relative
temperature / Temperature / Temperature / Temperature /
model error / error / error /
K K K K
UO UO “0
Al 1943. 75 —2.8125 2032. 31 1.61550 2022. 21 1.1105000
Bl 2000 1961. 49 —1.9255 2020. 43 1. 02150 2007. 43 0.3715000
Cl1 1979. 20 —1. 0400 2042. 25 2.11250 2041. 34 2.0670000
Al 1926. 64 —5.0916 2052. 07 1. 08719 2053. 04 1.1349754
Bl 2030 1954. 46 —3.7212 2036. 25 0.30788 2037.62 0. 3753695
Cl1 1982. 25 —2.3522 2062. 71 1.61133 2047.73 0.8733990
Al 1951. 92 —5. 2466 2074.75 0.71602 2073.72 0.6660194
Bl 2060 1980. 49 —3.8597 2054. 28 —0. 27770 2067.18 0. 3485437
C1 2009. 03 —2.4743 2086.01 1.26262 2048. 05 —1. 0655340
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Fig. 6 Emissivity of model A obtained by different algorithms. (a) Sample temperature is 2000 K;

(b) sample temperature is 2030 K; (c¢) sample temperature is 2060 K
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Fig. 7 Emissivity of model B obtained by different algorithms. (a) Sample temperature is 2000 K;

(b) sample temperature is 2030 K; (c¢) sample temperature is 2060 K
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Fig. 8 Emissivity of model C obtained by different algorithms. (a) Sample temperature is 2000 K;

(b) sample temperature is 2030 K; (c¢) sample temperature is 2060 K
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Fig. 9 Schematic diagram of shock radiation temperature

measurement experiment system
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Fig. 10 Radiation intensity of sapphire under shock
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Table 9 Radiation intensity of 8 channels at different time 10" Wem ® «Sr!
Radiation intensity of different wavelength
Time
0.488 pm  0.509 pm  0.533 pm  0.589 pm  0.650 pm  0.702 pm  0.779 pm  0.809 pm
t 0.516 0.554 0. 664 0.688 0.764 0. 695 0.715 0. 650
t, 0. 801 0.923 0.109 0.115 0.125 1. 140 1. 180 1. 090
ly 1. 160 1. 250 1.420 1. 650 1.710 1. 660 1. 630 1. 480
t, 1.510 1.700 2.020 2.220 2.370 2. 300 2. 260 2.110
ts 1.770 2.130 2. 480 2. 800 3. 000 2. 840 2.970 2.672
ts 2. 040 2. 390 2. 820 3. 250 3.580 3. 500 3. 560 3. 320
10 IR 20 0
Table 10 Temperature inversion results at different time
Time t t, t, t, t; tg
Temperature /K 3255.4 3415.4 3532.0 3656. 3 3649. 8 3624.0

2203 i DN kv ot A S B Y iR 22 N R A
= D BT AR A A v R T A R A SR A i 51
5% 22 5 20 I B ASCRRAE Y T I AR B A7 AR AR 22 5 3)
ol 8 S T R SR SR BT AR R R 2 . ARSI

PR R R B R E R 3 A RS S RO Bk
22 X T N A B 43 ) B R 2 5 R A
WERE e, ~0. 10, (U IRELGEM AW EE e ~
200 LI bR E TR AT E L e, ~0. 3%, BILIR

0912003-9



MR

=42 % £ 9HI/2022 F£5 B/RFEHIR

ZEIRAATEE e, ~ 3% . [H A S0 2/ 58 5T
LI B AR E E e = /el el teltel ~3.6%.,
SCEGAR BN B G ey~ W] BE 2 ) L A 5 B
S 25 SR R O R RRRE L 206 I A
P A VR T oo S 08 R Y 5 A T Ik A0 1 A 30400
B, BRI £, ~ ¢ (200 ns) B[] B 2 52 1) 5 1 2%
RO AR B U T B/ B B 5 AR RO X JA), X
T B A SR B A T IR 51 AR R B L iR
FHE-TeF i R B X opds R )R 36.5 GPa T ik
TS SR AT RO, AR A5 R (3613 £
130) Ko R [FIRE A9 535 40 50 i 6 A e i JR )
N 40 GPa 48 GPa I B4 SRk U AT 1 16 B I T
& 1E, Jr A5 3 0 I B2 (B 4 0 o (3740 £ 134) K,
(38934140) K, I 11 s , B AR SC R 38 48 51 R
JE 5 SCHk 26 1338 1Y 15 5 A 7E B R T A 0 IR
BeHE SCHk[27-28 4R A9 15 5 A b o 4 O R R R AT
TEE ., ZIEg X A JE F 5 % A Corundum %54,
2 TCAR AR %2 AR X, B30 b o S 56 15 2 A 4 O L
AR H o 80, TR 5 R g 4 A o R I ELAR I T
XiF R R 3 A AT R AR . AR SCa g o o S 56
TR 45 LY ST AR A W A e IR S e R
A B IR B A AR R BT X HUR T R
4T W AR S AR A S

7000
6000 .
A
L]
% 5000 e ©
o L]
-
2 4000} . e
& x k xK ¢
g *x *
E 3000 | *
ﬁ 2000 f* + our work
* melt temperature from Ref. [26]
1000 - A radiation temperature from Ref. [27]
e radiation temperature from Ref. [28]
0

0 10 20 30 40 50 60
Pressure /GPa
B 11 8% A SR E 5 R e R E
Fig. 11 Relationship between radiation temperature and

pressure of sapphire
:k N
4 ém I/b\

oo S 0 3 S e TSR BT A R I
it [N 5y 52 B A0S S i A7 A AR 22 Ao E kL i B2
DT I 5L 35 30 ek A S e T ) A TR B e R G L L
ARAT B S o o e A R B AEL L B TR A I
FBCG 7k kR B R 5 Bk A ok IR R
1 2o A 1 9 SR figp 5 IR R RE e IWORS B2 -5 280 A [

R, B0 s o oh PR R O T R A5 S R RRAE , R e
1) PR BRI R AR VR X 22 S 1 A R R AT
TRGEMFIE . R T RN SR AR TR ) I P 22
I 511 bR B0 1 A5 L 14 0] B 5% T 1 B 80RO
& ORI S 9 ST eR BOM A A 0 TR T
VLS ELPI RN LR M S 2 AL AR R IIZOT IR
TG AT PR — Bk B e RAIE T B R
B 5 08 B AR B T o e R 1 RBORS
AHXF IR 25 /T 2. 5%, S0 SRR B E R 3.6% .
T 3K WA B oo e A RO 0 S b R B
27 T AR B A B S A TR (E R 2 W R A AR
2R, R AR T A AR S W LR AE S
A s SR BTN G BRALER . 105 1R 2 6% I i o
o7 46 Gt T S 0 LA 5 L v R v R R Y R
JE BRI T RO R

& £ X

(1] 8, M, RO, 4. 3T bk KR wi ot I 1% 6 R PR AL

EEM S MM ]. EHEE TRER, 2020, 41
(12): 187-191.
Cao T, Sun H, Zhou Y, et al. Numerical simulation
and application of propagation characteristics of shock
wave near ground explosion[J]. Journal of Ordnance
Equipment Engineering, 2020, 41(12): 187-191.

(2] MfRE, §ZE, BAZE, 5. A EEBIRE 20

MR B AR B L], AR, 2018, 38(6): 48-
52.
Zhan C L., Han J, Lu S ], et al. Research on multi-
spectral thermometry for the flame temperature
measurement of ammunition explosions [ ] ].
Metrology &. Measurement Technology, 2018, 38
(6): 48-52.

[3] 3L, Jm22el, XUZME, 5. 2063548 5 iR s i

P00 5 T ok 25 500 MR e R R [T & RE M R,
2010, 18(4): 405-408.
LiZY, Xi L X, Liu ] P, et al. Flame temperature
measurement of pyrotechnic composition using multi-
spectral thermometry [ ] ]. Chinese Journal of
Energetic Materials, 2010, 18(4): 405-408.

[4] %, W%, BLE, & SR BRERDIDE

R G-I R A S (] . DM, 2021,
41(10): 1030003.
Bian Y T, Pan ], Jiang L J, et al. Study on variation
of short wave infrared spectral emissivity of high-
temperature graphite plate [J]. Acta Optica Sinica,
2021, 41¢10): 1030003.

(5] s, €, FEE, 5. TieAV &4
JCHE R ST AR S [T . OB, 2020, 40(8):

0912003-10



MR

=42 % £ 9HI/2022 F£5 B/RFEHIR

(6]

[7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

0830002.
Zhao W M, Li L F, Yuan Z Y, et al. Directional

spectral emissivity of Ti-6Al-4V alloy [J]. Acta
Optica Sinica, 2020, 40(8): 0830002.

Svet D Y. A new method of measurement of the true
temperature and emissivity of non-black body using
one component of Wien’ s spectrum of thermal
radiation [ J]. Journal of Applied Mathematics and
Physics, 2015, 3(5): 524-529.

Smurov I, Doubenskaia M. Temperature monitoring

processing [ M ]//

Majumdar J D, Manna I. Laser-assisted fabrication of

by optical methods in laser

materials. Springer series in materials science.
Heidelberg: Springer, 2012, 161: 375-422.
Qiu Q R, Liu S, Teng J,
polynomial method for spectrum emissivity modeling
[J]. Energy Procedia, 2015, 66: 245-248.

Urtiew P A, Grover R.

et al. A two-stage

Temperature deposition
caused by shock interactions with material interfaces
[J]. Journal of Applied Physics, 1974, 45(1): 140-
145.

McQueen R G, Isaak D G. Characterizing windows
for shock wave radiation studies [J].
Geophysical Research Atmospheres, 1990, 95(B13):
21753.

TRARA, INGER, T, . LA 2Rk Lk Z 4R AR TR
FESEER RN ] 55 HOLE TR, 2016,
45(7): 0704003.

Zhang F C, Sun X G, Xing J, et al. Research on

reconstruction algorithm of two dimensional radiation

Journal of

temperature field using infrared multi-spectral line
[J]. Infrared and Laser Engineering, 2016, 45(7):
0704003.

SKAEAT, IV, INBEND. BT 2 H AR AL A 2
Zo6 1 FOR R [J]. 6 R, 2019, 39(2):
0212008.

Zhang F C, Sun B J, Sun X G. Multispectral true
temperature inversion based on multi-objective
minimization optimization method [J]. Acta Optica
Sinica, 2019, 39(2): 0212008.

MR, INGEN, T REYE, S5 DR OB IR 2
O R B T Y B R B3 S ) R R 4T D]
ik 2# 556 E A, 2013, 33(6): 1719-1722.

Sun K, Sun X G, Yu X Y, et al. Development of
multi-spectral thermometer for explosion flame true
temperature measurement: field experiments and
measurement accuracy analysis[J]. Spectroscopy and
Spectral Analysis, 2013, 33(6): 1719-1722.
A, RREE, VR, SF. T AR 2Ot
WM ERERE A T]. e 5060, 2018,
38(12): 3846-3850.

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

(23]

0912003-11

Gu W H, Liang ] F, Yin X, et al. Multi spectral

true temperature inversion algorithm based on

constrained optimization method [J]. Spectroscopy
and Spectral Analysis, 2018, 38(12): 3846-3850.
B2, 2l AR, S T Ak ARk s DG
T I N A A s W A LT Ol R 5Ok 4
1, 2017, 37(5): 1471-1476.

Yang Y F, Li Z, Cai H X, et al. Inversion research
on the high

temperature spectrum based on Newton’ s method

temperature and emissivity of
[J]. Spectroscopy and Spectral Analysis, 2017, 37
(5): 1471-1476.

REE, M, TA, F. TR AR REGLY
FOANAZ 1) 8 55 DR B R [T Dk 2 5003 o i,
2017, 37(3): 685-691.

Zhu Z 7Z, Shen H, Wang N,

temperature measurement technology based on the

et al. Radiation
basis of spectral emissivity function[J]. Spectroscopy
and Spectral Analysis, 2017, 37(3): 685-691.
Hestenes M R. Multiplier and gradient methods[J] .
Journal of Optimization Theory and Applications,
1969, 4(5): 303-320.

Kennedy J, Eberhart R C, Shi Y. The particle
swarm | M |//Swarm
Elsevier, 2001: 287-325.
R, e, AR, AL BT B AN 8 S Ak 2 kL
TR ). HHEPLMHBTFE, 2016, 33(9):
2584-2587, 2591.

LiJ, Wang C, Li B, et al. Elite opposition-based

intelligence. ~ Amsterdam:

particle swarm optimization based on disturbances
[J1. Application Research of Computers, 2016, 33
(9): 2584-2587, 2591.

van den Bergh F, Engelbrecht A P. A cooperative
approach to particle swarm optimization [ J]. IEEE
Transactions on Evolutionary Computation, 2004, 8
(3): 225-239.
Liang ] J, Qin A K, Suganthan P N, et al.
Comprehensive learning particle swarm optimizer for
global optimization of multimodal functions[J]. IEEE
Transactions on Evolutionary Computation, 2006, 10
(3): 281-295.

Aymeric A, AN, BALEE, A5, 4R OF OO0 1% DR vk
MR ZE ST [J]. JeA s, 2018, 40(3): &
11.

Aymeric A, Xu Q L, Yang ] X, et al. Experimental
research  on measurement error of radiation
spectroscopy thermometry[J]. Optical Instruments,
2018, 40(3): 8-11.

Bat, Rk, Behag, 4. a3 () A A
ZLA0 G % AN 43 TR & O 2 22 4y B (7] D622 4 3k,
2014, 34(10): 1030001.



[24]

[2

]

MR

LiJ G, Liang J Q, Liang Z Z, et al. Analysis of
wedge error of beam splitter in spatial modulation
Fourier transform infrared spectrometer [J]. Acta
Optica Sinica, 2014, 34(10): 1030001.

Pl 25 . IR ZHIS HEAE A [M] . dent: AL Tk
AL, 1981.

Fei Y T. Error analysis and data process [ M].
Beijing: China Machine Press, 1981.

TR, EE, EMS, & BT EF AR
St RE ] . J2F2AH, 2018, 38(5): 0530002.

Zhang N C, Ren J, Wang P, et al. Radiation spectral
characteristics of sapphire under light-gas gun impact

loading [J]. Acta Optica Sinica, 2018, 38 (5):

[26]

[27]

(28]

0912003-12

=42 % £ 9HI/2022 F£5 B/RFEHIR

0530002.
Shen G,

temperatures of some minerals under lower mantle

Lazor P. Measurement of melting
pressures[J]. Journal of Geophysical Research Solid
Earth, 1995, 100(B9): 699-713.
Kondo K. Window problem
method for shock-temperature measurements of iron
[J1. AIP Conference Proceedings, 1994, 309: 1555-
1558.

Hare D E, Holmes N C, Webb D J. Shock-wave-

induced optical emission {from sapphire in the stress

and complementary

range 12 to 45 GPa: images and spectra[J]. Physical
Review B, 2002, 66(1): 014108.



