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Fig. 1. (color online) Finite element grid division schematic diagram of heat conduction

model which has different shapes: (a) finite element subdivision schemes of 2-D rectangular

domain heat conduction model; (b) finite element subdivision schemes of 2-D circular domain

heat conduction model.
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Fig. 2. (color online) Contrast between temperature filed in model obtained by PPTSVD

solution before improved and simulation: (a) the temperature distribution obtained by sim-

ulation in circular model with three heat sources; (b) the temperature distribution domain

obtained by PPTSVD solution before improving in the same conditions; (c) the temperature

distribution obtained by simulation in circular model with three heat sources; (d) the temper-

ature distribution obtained by PPTSVD solution before improving in the same conditions.
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e AL T2 RIRE R

4.1 EZXRR{EWIE

T %6 F Comsol {1 FLERAFARALLAS [F] FAUR 2% 1F
TE AP N ARS BT PR E i, she— e
H B RGIE, #GIRAT B 5 T AR © AN T, it
CL 2R 1) #4525 1, I Comsolm;éﬁ#ﬁ%im%
R34 . SRAEBRID S IR S A 1 DUE N
By NS, B MG PPTSVD 8032 i #E 4)
AL, ) B H SR A RGIR I, S8 (5) 2Nk H

T ST IR A L. 5 Comsol T
SR R (3R S 3 5 R R RO E A HE
15 P 3 HEAT X G20 T 3 ER A 45 5 B PATR S I i Y
1 FAIR 1 & TS 4.

411 =X = HpARR

TR PR TS A TR B R KT
bR E N TR, R E 20 °C, R A
ro = 6 cm. BN IJE Y EE R GRS A B, BB
P ARIE R 7 1) 3% 5 R ERT LA YRR
r, WRENT OB N (z,y) [PABIC A IEE, [0 44
#5249 (0,0)].

AL TSR P R AL 2O AR 5 7 508 &,
PAL TS H 0.5 Wem—1-oC—L, 5 5 4 P AE 4 Y
oy Z (AR ZEAS K B IG O R °T A ZBE AT, A
EIREEIA % R H AR KT I, e R B S 10 AR
FEA %, 1% AL B Fa S I I SR FEAE 30 °C /2
H, X E R BIHCN 10 Wo-m—2.0C—1 9],

1 PRI S SN L

Table 1. Internal heat source inversion results com-

pared with the real value.

Phre bRy ARERE  HHa

/cm /cm T/°C /cm?

PIE1 kbR 2.03 3.00 60 12.56
WHEME 225 2.64 58.5 7.07

wE 1.83% 3% 2.5% 43.71%

MIF2  bRfE —1.97  3.00 60 28.27
itHME —-1.63 297 60.7 15.90

W 2.83% 0.25% 1.17% 43.76%

MRS SEBRE —1.97  —3.00 60 12.56
HEME 123 —2.16 60.5 8.55

w®ZE 6.1T% 7% 0.83% 31.93%

=R T — e R AR 2 R IR 2%
. A SR E AR LA 2%, BEALIE o, 5K

fife 7 R A B A 1 3 O, B A A5 B A £ 1Y) I T A
1 B8 SRR Al T 22 AR T B K70 4 368 38 S IR 55
R4 Tl R, I B 3 G AIE ek S 1 PPTSVD 5%
PIRTAT . SRR SR A A 4 Fios,
AR FR R R PPTSVD 503k S i PR I,
R HASE R BT T R R A A, A R S R
PN 5 s,

31.4 A%
31.3 1 / \
31.2F AN / \
31.1 F——X / \
31.01 \ ! e
30.9 \ i
30.8 \ /
30.7 \ .,
30.6 \ /
30.5 S
0 0.05 0.10 0.15 0.20 0.25 0.30 0.35

K /em

FHEEE /C
i

4 R =R R FHER
Fig. 4. The boundary temperature distribution of three

heat sources steady-state model obtained by simulation.

(2)

0.06 60
0.04 56
0.02 |52

48
0
44

—0.02 ‘

40

—0.04

36

—0.06

0.02 0.04 0.06

~0.06—0.04—0.02 82

K5 (TR ) = HIRFaAS B 7045 S I B 20 A
BT (a) ks = IR BT T P05 LR A A (b) B
B PPTSVD 53 S8 M R A

Fig. 5. (color online) Contrast between temperature
field of the three heat sources steady-state model ob-
tained by simulation and algorithm: (a) the tem-
perature distribution obtained by simulation in cir-
cular steady-state model with three heat sources;
(b) the temperature distribution obtained by improved
PPTSVD solution in the same conditions.
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F 1 BRI B A AR R ZE TS T SO g
EAE AR 2 22 SR KNI, TR
Ty AR = FERGE, AAE 2 RGO, I AL RE Y
R BOS A G IN, SRAR LSRR I ME P — 2D 1
K. IR EE R PRSI FEATS E v 45 2 R LA

IR AR I = 2H PR 5 e S — B, AR
JRTRUANIE. S AR R 98 B 5 s PR R A A
5], 22 AN FAUER 1558 1 7T 8 2 FH B2 S, 3 3L
HE — AN R R 5 R L SR 4 OK L T 5 A B S B/
AT L. FRATT A B R T AR5 A I o A A S IR
H ECRMRT R, B s H I AR B P K T4 e M
B, R AR R IR LD, By . X R
(P45 AR TG T, Ao o A0 T ARG 3 ST R 1)
SR R AR . 75 /NG FE P9 SR AN 2R 5 sk H
P IRE AL, TR T e J HH PR AR B DA %o Bl
TEHER.

A BRICVE I s AT LLE B 2 AR, B

7 (MTIR) RASHERSEIR) RS RIEEMRE DAL (a) 5

T s = AR I AR BE A

R 4 FP T, FRAT R AT 47 I IE
X HLATY SR R FH A 7 (9 30 5 2% A AR RIS AH R 7
WERHE. R IET I, KR8 20 cm. X 4
TS T it = FAJ, SR A SR T Ui B2 43 A 1 6 B
N, FINE A SR L, FIH PPTSVD ik K iE
ST P B AT, RIS R ST A R
Kl 7 .

31.0
30.0
29.0

¥ 280

# 27.0

s 260

; 25.0
240
23.0

0.1 0.2 03 04 05 06 07 0.8
Ji /em

Fle AR A = SR 07 B9 21 50 DU A1 SRR BE A
Fig. 6. The boundary temperature distribution of

three heat sources steady-state rectangle model ob-

tained by simulation.

TR S = IR FOR LM (b) FEIR IR

Fig. 7. (color online) Contrast between temperature field of steady-state rectangle model obtained by

simulation and algorithm: (a) the temperature distribution obtained by simulation in rectangle steady-state

model with three heat sources; (b) the temperature distribution obtained by improved PPTSVD solution in

the same conditions.

F2 WIS RS 4 A
Table 2. Contrast between real internal heat sources

distribution and obtained by algorithm.

bR bRy NERERE  Ha

/cm /cm T/°C /mm?

#IF1 SEBRME 11.6129  14.89 46 1
THEME 11.3978  15.3191 45.5 0.81

RFE 1.08%  2.15% 1.09% 19%

#IE2 SEBRME 7.096 7.324 44 1
itHME  6.8817  6.808 45 0.72

RFE 1.07%  2.58% 2.27% 28%

I3 bRfE 159139 851 43 1
iHEH 152688 7.87234 45.3 1.20

R 3.23% 3.19% 5.35% 20%

M2 2, RIS SR IR Z KT R B AT
LB, BEAE = A AR SR R A,
J6 HE SR A = A AR 93 2 LB, A b — 4t
XL, SRR MEAN L. 2 ARG LB ke
SR F il B 7 PR R, AR 12 S P AT S e
PRSI AR 2 TR IR SR BT 2 IS5 B AH ZE AN
ORI, I8 285 SR 4 AR i B2 PR 0 R e 78 N AR
AR .

4.1.2 Z#eIE¥H[ [ = HIRER

R P 2H S EG P EGAIE T M R R S S I Bk
HI RN, N I ERATTEE 25 B — N 181 B 1481 1~ 56 E
S ) PPTSVD S35 S i AF X5 o A Rl A 7Y Bsf £ v
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T .

WK 8, 5T AR YA 75 il 4 D33 AR 1Y
Xk, HpSIXEHTHEEL =1 Wm™!.°C1
S2X ik = 01 Wm™!.°C™!, S3X Ik =
0.5 Wm~!.°C™!, S4Xikk =2 Wm'.°CL.
A B 25 8 = AN AN AL B 58 B AN R B s AT
e MBIEE N20 °C, WHRHEMAE L = 10
W-m~2.°C~! #ACNIES T, KRN 20 cm, (iE
3B RY 1 SR AR an 9 5 H 0 B B R A
PR B A 5 S S R A L RS R PN IR R e AT
XT LG 10 Frs.

S3 S4

S1 S2 ':I

B8 AN A1) = IR T A A
Fig. 8. The three heat sources rectangle model with

inhomogeneous thermal conductivity.

HE O FTLUE H, BN AR S T
TR AT IR TIR BB NS 4. 3R 3 R AT LA
F i, SO PPTSVD BEATI S8 1T DL G AORS i Hhb
SREH AR A7 B S H 106 A5 58 52 RN FA5 T
Pl THISAAN R, 3 AN IR 38 R B M e 8 AR T AR

10 (MTIRE ) ARI T Ra A HE T AR 2475 J 15 5 58 A JEE 70 Af % B

w*ﬁﬁ¢iﬁ AR B FE B SE PR, IR AT

fE-5 AT R NN LA S A IRITH 24K,
ﬁﬁﬁ—ﬁﬁ% B 1 PPTSVD SHidioxd Tk
JRAS AR SR (0 S 4 R LA N R, e 1
P GE B M A K ik, o8 B 3B S50 mT N2 36f
SRR T5 T LS.

0 0.1 0.2 03 04 05 06 07 0.8
K /em
Bl ARSI = R TR AR A N T R B 4y
i &l
Fig. 9.

three heat sources rectangle steady-state model with

The boundary temperature distribution of

inhomogeneous thermal conductivity.

3 IR LS RS HE N
Table 3. Contrast between real internal heat sources

distribution and obtained by algorithm.

bR bRy NERERE  Ha

/cm /cm T/°C /mm?

PR YAEM 54167 12.0987 37.7 1
M 525 11.1111 38.1 0.49
R7E 0.83%  4.94% 1.06% 51%

#IH2 HEM 6.0833 3.4568 38.1 1
SE{E 6.0833  3.3745 38.5 0.85
RFE 0% 0.41% 1.05% 15%

PIE3 AEM 1675 7.3251 40 1
JOEE 17.1667  7.1605 41.3 0.36

R 2.08%  0.82% 3.25% 64%

(b) 40
38
36
34
32
30
28
26
24
22

a) AL FUETE AR

=R ECRIE A1 (b) AR R TR RAR & = IR R I E AR A

Fig. 10. (color online) Contrast between temperature field of steady-state inhomogeneous

model obtained by simulation and algorithm: (a) the temperature distribution obtained by

simulation in rectangle steady-state model with three heat sources; (b) the temperature

distribution obtained by improved PPTSVD solution in the same conditions.
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4.2 SEISISIF AR

F T A SR AIF T8 4 2 SR T ) 7E LA
SRR, EAR 4R AREMELLA B fEIX EL, 3R
17 R AR B K TR T AR I, YRR T
] (R A P 5 AT DL AL 208 . S X T TSR L R )
(1 AR IR A s, A B 29 0.9 grem =3 #fE 55
$080.558 Wem—t-°C—1 Eb#E N 3.2 g LKL

B11 (MTIREE) B A IR AL KR 55 TEARL L AL A7 R R
4L

Fig. 11. (color online) The relationship of curve coor-

dinate and front view coordinate in cylindrical profile.

S EA R el SR S . AT R
FME RN em, F1Er N 3.375 cm, & E
HApmm o4, &4 HLA] Il 4 Z 4 R A
AR 3 mm AR I AR, R
F N AT A A R P ) P L ) % 4 o A
PR . IR EONETER 25 °C, i R EHCH
10 W-m=2 - °C—1. FH I B # ] s 3 i k1) i
B 23 U A ARG, DO RLIA BRR S,
12 G LA E AR, SRR S LT 13
FH TR FH 1 SR BB S [ IR A i, SREEL A
(A A ot T, 7 A e R A 00 3 Tl v A 1 e R [
MR e 120°, AL AEACR S — MR I A 1) IERL
Bl (B 12 (a)). A — M 5 A 00 2 1 7 T RR sl 4 [
FER RO & (A0 B 11 o) e I, RIS 5 AS: %)
T i 1P R o = R T S ) 2 T B B
P i 5 B 1 AT O SR 1h0 (Wil 12 (b) ). FIH

Hop i — 205, MR A AR, X L=
PRI DU PR S B0 2% D 91, gt B R 0 i I RL A
B IR AR,

{c — (/2 0),

(16)
T = 17cosb.

(b)

B2 PO IE L R L0 5 1 52 B T H 12
B (a) BUREOUZRTE EALE, (b) BRI

Fig. 12. Cylindrical side surface front view and its

complete side surface themography through splicing:
(a) cylindrical side surface front view; (b) cylindrical

side surface thermography.

MR ¢ 5 REBN B IEV R R e AR bR
Bh ERERES 2 IR AR, P (16) 20K 1 IEALE B
AR R T AR AR, ARAR A AR 5 R e, BV AT
R 1% IE AL B FE T R3S B2 PR R T AR . Hs 3 1
Ja3 FS FR) 01 T AR P B Rl e B D T P .

H T AN RE L 5 3] (B8] A A e A 78 vl ] A% 48 T )
IR AT L, R 2 H AT R [ Ao T = TR E
At E NS,

(a) HAJRTE O

LA W R B 1 SR 3 A U 1 14 BT,
AR JE T AR P 70 AT 5 ik S T A ) B A
o ) A T F 0 PEE A LI 15

z

LIAMAIRIX s
H .
_ e FOWER
s o
=
AR
R =3.375 cm

K13 PEseionERE

Fig. 13. Physics experiment schematic.
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10 15 20

K /em

0 5 25

B 14 Fads S AR i SRR 12 S B 23 A 14
Fig. 14. The boundary temperature distribution of

single heat source steady-state paraffin model.

R IR A IR (58 A L U T 1 58 AT A7 DL IR AN
RE AR B AL v TRV AR T I E A 1 0, (BRI 2 2
B AN R AE T BT A SR 26 AR AN TR, H A
Pt T ELA N AL (A R, TR AR 20 A S5
LR AL 5 v 8] AR T R A A PR % T2

(a)

H DI R R ) B T2 Hoe R, X g BRI
(13 P 73 A7 A7 LA AE T 1 P A R S T A
(KU BE 3 7 A RS A A& 15 45 A HOSE I SRR 0.
K15 AR 4 B KR 7T B Y, SR9000T T B BAGEASE
RS0 & W] DURS A A5 2GR IO AL L, S Y AR
Wy AR e 5 LR AR

F4 PRI S RE FRE N
Table 4. Contrast between real internal heat sources

distribution and obtained by algorithm.

PRI

o — 2
MRz /em  AAAR y/cm T/oC M a/mm
MUY E] —04 1.6 51 28.27
THARE -0.3 1.7 51.6 19.63
R 1.33% 1.33% 1.18% 30.56%
0.04
0.02
0
—0.02
—0.04 :
—0.04 —0.02 0 0.02 0.04
xT

15 (FITIR () Fazs oA B A S Us A Y b JRTHT A UL 0175 S0 5 5k A S £ B0 A o [ 48 T F L 18

Sr A BUR L

(a) BRI A A A LR TTIR EE 20 A1 (b)) H3d 5l R e I S AR Y AR 2 A8 Tl B2 ) A

Fig. 15. (color online) Contrast between temperature field in top side surface of cylindrical physics

experiment steady-state model with single heat source and obtained by algorithm in the middle

profile of cylindrical model: (a) the temperature distribution of top side surface in steady-state

cylindrical with single line heat source; (b) the temperature distribution of middle profile obtained

by improved PPTSVD solution from boundary temperature.

i /°C

10
K /cm

15 20 25

K16 oS XAAIE A s SRR A S FEE 7 A7 6]
Fig. 16. The boundary temperature distribution of

two heat sources steady-state paraffin model.
(b) BRI IE O
LR A s SR £ 30 5 BE 73 A i 16 T,
(52 A i A R b JE T 1 i B 43 A1 5 BV S i A
b A T A e ) 2B T L FRE 201 LI 17

5 PR RS R RN
Table 5. Contrast between real internal heat sources

distribution and obtained by algorithm.

iz Abry  WAEEE He
/cm /cm T/°C /mm?
PIR1 SERRME 0.76 1.78 52 28.27
HEE 075 1.41 51 24.86
wE 0.15%  4.93% 1.92% 12%
HPR2  brE 174 —0.15 54 28.27
itHE 163 —0.09 55 15.90
wE 1.47%  0.8% 1.85% 43.7%

UARIEIE BT, PR B S BR i L, A 18 Pl
s, WA PR T BE B AR 1. R A
ROTULEH, 5 RGNS, SRS
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FAH AR ZE IR, I T PR I RN 0 5
VRO, (B A R AR A3 A b T AT AR

M6 R LA, 5 AH B AR X b, Sk
SR A A BT R B, RT3t — 2B AE IR

AL ). o3, B ) B B, [N B ) A
(a)
0.04 o .
50 46
002 0.02 44
45 42
> 0 - 0 10
40
38
—0.02 s oo o
34
ol -
—0.04 —0.02 0 0.02 0.04 —0.04 32

xT

BI17 (PTG 5 o S 6 A A 1 o i 7L
JEE 73 AT 5 5305 S I8 A PR A e T AT R R 20 A
SUXTHE (a) SUPE AR Aas RS LIRTHNRZ 20410 (b) i
20 G BE S A H R R AR T U A

Fig. 17. (color online) Contrast between temperature
field in top side surface of cylindrical physics exper-
iment steady-state model with two heat sources and
obtained by algorithm in the middle profile of cylin-
drical model: (a) the temperature distribution of top
side surface in steady-state cylindrical with two line
heat sources; (b) the temperature distribution of mid-
dle profile obtained by improved PPTSVD solution

from boundary temperature.

(c) = IF L

IR SR AR T SR A AT A 18 BT,
(58] A S 6 A 7R IS T 4D 3L PBE 0 A 5 RV I T L A
Y P T A e ) 2 T £ 0 5 2 A LT 19

0 5 10 15 20 25
JiK/em
K18 Fads = HA s R AR 1 Sl 2 A ]
Fig. 18. The boundary temperature distribution of

three heat sources steady-state paraffin model.

108104-12

—0.04 —0.02 0 0.02 0.04
x

19 (MTURE) Fads = AR R S I A b )i i
JEE 53 A7 5 S35 I 5K B R )[BT FD 3R A 1
BATLE  (a) =FAIEEE A EEFS BRI EE/0A7T; (b)
20 Sl T A )AL PR A1

Fig. 19. (color online) Contrast between temperature
field in top side surface of cylindrical physics experi-
ment steady-state model with three heat sources and
obtained by algorithm in the middle profile of cylin-
drical model: (a) the temperature distribution of top
side surface in steady-state cylindrical with three line
heat sources; (b) the temperature distribution of mid-
dle profile obtained by improved PPTSVD solution

from boundary temperature.

6 NI SREER S A EXT

Table 6. Contrast between real internal heat sources

distribution and obtained by algorithm.

Phrae bRy ARIFRE R

/cm /cm T/°C /mm?

PIF1 SEBRME —-2.11  0.69 43.6 28.27
iHHME —-259 041 44.3 22.89

wE 64%  3.73% 1.606% 9.03%

PIE2 SEBME S 112 1.37 43.8 28.27
WEE 143 1.37 44.6 21.23

wE 413% 0% 1.826% 24.90%

I3 bR 0.89  —0.79 46.2 28.27
itHME 071 —0.79 48 12.57

R 2.4% 0% 3.896% 55.54%
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Abstract

This study deals with the case of multiple internal heat source inversion problem of steady-state based on nonde-
structive infrared detection. We construct homogeneous and heterogeneous steady heat conduction models of different
shapes. Neither the number of heat sources, nor their locations, nor their sizes nor their intensities are known. We
use the finite element method (FEM) based on numerical algorithm to analyze the two-dimensional model discretely.
The internal heat conduction process of model is analyzed. The resultant temperature field can be decomposed into the
temperature field caused by the ambient temperature and those given by internal heat sources. We simplify the finite
element matrix equation according to decomposition process above. Finally, the problem boils down to solving the highly
underdetermined matrix equation of Ax = b. The unknown x item corresponds to internal thermal heat source field.
The piecewise polynomial spectral truncated singular value decomposition (PPTSVD) is applied for the first time to the
inverse heat source problem. Its regular operator matrix is changed from the original more order differential operator
matrix to regional node weighted matrix. After replacement this solution improves the effect of heat source field tending
to the boundary. Results of the solution confirms a real heat source field when there are less heat sources or different
heat sources are far from each other. But there also exits a serious superimposed effect between neighboring heat sources.
We improve the algorithm to study this problem through using the iterative elimination process which complies with the
idea of spreading heat source field and then gathering. The iteration tolerance and number of times belonging to one
single PPTSVD solving process are reduced. Through iterating the multiple PPTSVD solving process and reconstructing
matrixes A and b in each iteration, we obtain the scatter heat source field distribution surrounding real field. Finally,
this scattered distribution solution is gathered again. According to the heat source parameter calculated by algorithm,
the temperature field of whole model can be reconstructed using FEM. Comsol numerical simulation and real physical
experiments are performed to verify the validity and accuracy of the algorithm in different heat conduction models. The
results demonstrate that the algorithm can access each parameter of multiple heat sources. Even in the heterogeneous
model, it can still obtain accurate results and reconstruct the temperature field of the two-dimensional model. The

algorithm can be applied to non-destructive material detection and human infrared medical imaging fields.

Keywords: nondestructive detection, multiple internal heat sources inversion, piecewise polynomial

truncated singular value decomposition methods, finite element method
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