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Abstract

Synthetic Aperture Radar Interferometry (InSAR) measurement technology, as a
lightweight monitoring method, can acquire bridge deformation time series with
millimeter-level accuracy without deploying sensors, making it suitable for long-term
deformation observation of extra-large and large bridges. Bridge deformation time
series data are often significantly influenced by temperature variations. The thermal
differential effect induced by temperature changes causes thermal expansion and
contraction of bridge components, thereby altering structural stiffness and boundary
constraints, resulting in pronounced seasonal and diurnal variation characteristics in
long-term deformation. To accurately utilize InSAR deformation time series for
structural damage localization and quantitative assessment, it is necessary to
incorporate temperature field data and conduct in-depth analysis of the deformation
driving mechanism in conjunction with the thermal expansion coefficients of
components, thereby improving the reliability and precision of damage identification.
Therefore, this paper proposes an improved Temperature-Based Structural
Identification (TBSI) theory combined with InSAR technology for damage diagnosis in
bridge regions. The main research contents are as follows:

(1) An improved TBSI method integrated with InSAR technology is proposed to
address the problem of bridge structural damage identification, using temperature input
and deformation output derived from InSAR data. Retaining the original TBSI
framework, the method acquires bridge deformation time series data (output) via InSAR
technology and calculates the structural temperature field (input) using meteorological
shared data and heat transfer boundary conditions. Through an efficient MATLAB -
ANSYS application programming interface (API), combined with structural
identification inverse problem methods and a differential evolution algorithm, input-
output data transmission is achieved, enabling damage localization and quantitative
assessment of the bridge system.

(2) A three-dimensional refined finite element model (FEM) of a long-span bridge
structure was developed using ANSYS, and key parameters were updated based on the
response surface method (RSM). An ANSYS FEM encompassing steel box girders,
bridge towers, main cables, and hangers was constructed for a long-span suspension

bridge. By mapping thermal analysis elements to structural elements, the temperature
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field and structural field were collaboratively simulated under the same mesh,
supporting thermo-structural coupling calculations. Further, sensitivity analysis and
RSM were employed to calibrate key model parameters, significantly improving model
accuracy and providing a high-reliability computational tool for subsequent temperature
effect evaluation and bridge damage identification.

(3) Based on the updated FEM of the bridge structure and the theory of heat transfer,
the temperature distribution and displacement response of the bridge were simulated
and validated. Using meteorological shared data and a power-law radiation model, heat
transfer boundary conditions were established to conduct transient thermal and
structural analyses, simulating bridge temperature distribution and displacement
responses. By comparing simulation results with measured temperature data and InSAR-
derived displacements, the validity of the temperature field modeling and structural
response simulation methods was systematically evaluated, providing theoretical
support and data assurance for temperature-driven damage identification.

(4) The accuracy of the improved TBSI method was validated in a continuous beam,
and it was applied to a long-span suspension bridge for local damage identification of
the steel box girder. A two-span continuous beam simulation verified the improved
method's identification accuracy and convergence performance under different damage
scenarios. The method was further applied to an actual long-span suspension bridge,
successfully achieving localization and quantitative assessment of local damage in the
box girder based on SAR imaging time-stamped temperature fields and bridge
displacement data. This demonstrates its applicability and potential for extension to
complex engineering structures, offering a new approach for long-term bridge health

monitoring.

Key Words: structural health monitoring; temperature-based structural identification
(TBSI); InSAR; finite element model updating; damage identification; thermal-

structural coupling analysis
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H s P =4I B AELOS IR #ii 2 R B B R 2, i (2.17) 7w

D os =D, -cosd—-D, -sin@-sina + D -sin@-cosa (2.17)
X Dv AP RIGEE T MK E & D AN P R MIL T MR & De
NP REIERFE T PR 0 R EEMMA: o N TEENIM.

Kl 2.8 b) Jybfr B -1 WLl LA &, | B e s IR ) R AT RN, MR = 4E AR
T ALOSAL I 22 6] ) % 2 4N (2. 18) 7k -
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B MR A 5 R AR T R A

\Y
'\'_\;T -7
- o g

a) T2 MR I& LI b) A5 32 3 mE MM JL AR
2.8 DEJLAWN E

IARSAR P2 RG22 K A MM IE Bih, AT ) A 5 3 350088
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F, NS E A LUBEE LOSHAML R E R, W (2.19)Hi7:
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=—=> 2.19
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(2) PSRN

TE R EEM 2 BIPS A AR 77 T, BEE AR S UE 68, DUE & TR A0 AR B
FRAE, XEMR SR, DIRIER G B Rk, A0 T iREE =
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A s gamp AW 5355 IS PP IR 08 bn HE 22 0729 {E . D, (BN, I 282 5E
(3) THWMAL S LR KR
PBREIERE NG, R ENE AR E T ML, KRB E2
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A= iay 27
A ARsin@

A Aoy Ave Al Agres 73 IR RARE PS RV IR REE 7 EH . TR AR TE A
WAE . = R AR ZE 1B IR B A R A AL AR A A

T(2.24) AP RE b3 SR A AZ I 1) i) A% A O DLA T R By e KA B AR 1 2 500
PR, H AR R SRR I X LAV Ahy Aa B B -

Beh+ 0, (2.21)

7 B-h+477ZT-05+(pres (2.22)

BAh+%§TAa+AQﬁ (2.23)

1y |
7= 2P A0k —Ag, (Av, AN, Aa)) (2.24)

by NHAE PS SHIE M T REG Agl, M A 43512 MIMEF L AE; N A
PS %l

FESCPR R, 7RG AR AL 00 I 2 SR 1, R 2 o BRI N X e A T AR
R AR /N 1) PS RUAE R JEHE Ao %R T AR K S 2% mil SRR 45 R 50 B2 ik
SR MM RGN dE— D, Bl & PS 23Uk 5 45 B 10 =S 8 4
SR LA B S50 D) AT R MG R R, 7 R AN AL 4
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2.4 1 REGHRFIAHTEIL A
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TRENER
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2.9 WMREHHRERSE
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PrRAERI 5 AN 2 8] 1) A% B AR AR A SR T AL ¢, Bl =
IS G v F B B5R 5 91 0 g AR FHER S 91 &M g5 J5 P& GEFRON
R qe M g SIS 5 AR L2 FE BUIE EE, T g T DURR 4f A F 4 S H i
HAFH .

Jo SR N FAE T L AR IR AR S = A T TR 4 20 BT M 5 A T 3 B B AR
HLAlh

2.4.1 HhERPEE

FE AL o R b, 40 38 I A ) P 8 T A Sk P A 1) R T A s o — R U
W% ¢ B AF R EE R = B AR AR N (x, y, 2) (s, LB E AL T L FE B B A
gy 7 B, — o X (2.25) s

0 oT 0 or 0 or oT

G G R
e A RIEM B RS [ R VE S IR ¢ S5 H A B A I (8] L B A7 4 AR 1
PURSRSE ; p REE; ¢ &M BRI .

FEM R TREFA AT o, WA 1) 1 B4 AL 3 R0 08 5 ] 220 102, X (2.25) AT B ik
— WA ZYE B —YE o BT . TR B AR E WA kA AN T S A R SR A T A S 1 e Ak
Gy TR ARG I TR A T 4y T =R A

(1) 10 FEAb i 45 K IR B 0 A 18 I 2 50 5

(2) 14 540 W RO B 2
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(3) 301 74k ) 0 IR BE AR AL B R B D A
H AT 22 25 1) 300 57 SR F R B R ANEE = R AU B A&, 1 (2.25)
P A, a0 R (2.26)F1(2.27) B :

oT,
on

A

=h[T,-T,]+q, (2.26)

h=h, +h (2.27)
A n AL R BIINELTT W T F T, 5 530S 25 74 3R 1H 5 23 048 fi 1 R R
MBS g AT AN B IRE B b NS AR RS, HAE B A% #
REGr B he PR L TR S B b AT R

2.4.2 FRAIT R

PR K EEM RS W SR Z M EfH®, XA TRAENIZEs).
U, A R B R T 4 AT 52 30 H 3R 1 5 A Bl S A T R 0] I A 3 PR S o 6 AR A
e A 7 B a0 (2.28) ot 4.

q. =hs(T,-T,) (2.28)

N he AXTTALREG s NERTE

50 B AL B R EL he 1 32 DR B HE XU R RRS B DA M R R AE M P R
AR EE o DI, AN [R] SR B2 () 6 I A A 3 e e 5 B 38 22 7 o AT FL R H Y
Mz &5 o ok BT & 5, nal(2.29) 0k
_{5.6+4v v<5m/s

7.15y% v=5m/s (2:29)

X v AXGE.
2.4.3 M RIRIEST

WG AERE R E T 2l il B P e i se LR s, W E SRR A
ARG B AR, MR 2 2k B AN AR SRR, 2 LT R EE
g3 ek HOKPHI B AR, XIEH SRR ES W EEA RS 7 R
K EH B B ES, AR KA S M S, XA a5 R R
HATReE e, W DR R B A . P RR AR S AE 3R R A B T BRI 3 AR
A i B B AN R K

(1) & [ A 558 4 B

M 2 45 1) 55 34 B 25 0 2 [8) 1) 4 o i o =X (2.30) i s

q =h (T*-T.%) (2.30)

e b NARSHER AL s ARER; T, R AR5 SRR -
R IS A AN R A B A2 A AR R T B R L JLT AR R AEE B2, AR AT
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7 K A Fernando!' 1 Hy 122 36 2 Uit 5, X (2.31) s

h, = £[4.8+0.075(T, -5) ] (2.31)

e e NG R R ST % .

(2) KBRS

XT T My A5 5, 52 e By S IR K BH 4 S L 4 K BH BB A A K BH B
A58 et AR Kb T e S 2688 S = 00 3 By o AN A SR B B 5 B 11 77 X2 B A Elbadry %5
M7 i 1 Kehlbeck!M SR fr (2 50 A SO AT IF B, 45 B MR IR 1R Rk 3k
R G I EHIE G KGR K o KPHER S 51 5 5 %38 a0~ B
N

0, = |, (2.32)

KA s e R R T R H, 1, 2 45 A 2% TH] 2 U A0 s A B e B 8 5

] P b 2 2 12002 BiE 1 M 8 5 A i Ok 5 B2 (R T E SR T v SR B B R T R
RURE, ASCEFFRBE A THE S RIE S R, & REHRENER
ARWE 2.2 i

* 22 BXBEHBEENZELN

e 7l AR EA

K PR E B I L | =1_P"cosa
- . 1-P"
K BH B 48 5 Ty I, =0.251_sin (1+cos6)
1-14InP
M TH S 5 4 5 T I, =05r,(1,+1,)(1-cos8)
KA ST T l, = E,C, (T, +T,)* 0.5(1—cos )

4 7K 048 5 T l.=(E,/E,—E,+1)1,

R 22 LHERME oy fv 0 205 KA KNS A KSR A A s
Wiff, BFSHSKHEMERCRWE 2.10 fim. DUF 2S5 A E R HE AR

[118]

o =23.45sin {M}

s (2.33)
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w=15(12-T) (2.34)

sin f=C0S wCos & cos L+sinLsingd (2.35)
sin _sinwcoso 5

4 To0sp (2.36)

COSa =Ccosdsin S+sin Hcos,[n’cos(;/—n) (2.37)

A NANHFE: SAKRG M THEKHN: o NRENMA: L NHW S,
v A W RAE K FH 7 AL 2 BORE 2R 7 18] 6 5 0F B 7 1A I SR A

2.10 BifEE XA E XA
£ 22 AR AR T LMK ER L. B KBWER Py L KRE
B WROE IRV BE R AL £, KRR R E, 1 RE A 150(2.38)~K(2.42) i
Cs AW ak i -T /R 282 W B A HEH 5.6689x10W/(m?-K*); Tx iR b5 e 55 %
273.15K; Ta NS re AT Ey 20 ) M 3R I 5 56 R0 1 38 B B3 4 5 AR 400122, B I
* 2.3,

1, _1367[1+0 033cos(é’;§ ﬂ (2.38)
P = 0.9k (2.39)
1
h= 7 (2.40)
27N
t, =A- BCOS% (2.41)
E. —1-0.216el 7% ") (2.42)

A ko NHBMFRITEME RSN S)E; 4. B ARSEMRHE ¥, WR 2.4 Fr
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ARQ2.33)~KQADN KA =2 ZFECBmEGUR, HEH T RS 3 K
RGO BT BL, BT DAAR SO R RO I B ORI SRR S AT A
A4 MREWEESHBETERE
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AR &, 85 SCORK B AL SR S8, Ref% A UL 451
55 1) I L e IR R SRR, AT SRAS M ks FE I = 4B R o A . BR
A Bt g2, 94,95, 100,102 1041 JL 71 by S & I fi OC B 4 140 U5 52 1 1 I 28 ARe M E 9, A
FoAE B ANSY'S 3 3E 47 #r 52 45 0 10 B2 o0 A B B0 5

T FUMT B2 45 1) B A% o A i), R B AL F %A, AL HE MR BT o AU K FH 4
SEHE . EAEH ANSYS 0P M SEAR AL 3E AT A& 2 0 BT IF, 75 0 4SS 2R it X A A7 %%
AIVA S5 Aoy 28k DAASE H00 B0 AL o R o AR, SRR X P e AT 28K 23 o) g AT B i
ANSYS BRI\ 2 R FH 55 g — Ot N (%) far 8B AT 43 A1, T 220 2 T B ef 3o IX AT
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KL, 28 7 45 B A T 1 20 A 285 SR, 75 2B A8 I 0 Ay 28 N AR 0 v A L O 3, A OR R A
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oT,

PRCAINY | N 2.44
an [ k s] ( )
h =h +h (2.45)

|
n=n+ﬁ (2.46)

K T NEEHERREG T RGEASIE, 46 TR SEEMKRES, 1F
N2 K A R E S RO AR B SR A TR

NI RS BIR AR B4R, K DG B T AR T IR S B vk B R R g AT b B
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CA@28)-23Y) [ A
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£ = 4EFEM
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2,11 HREWBEESHRETERE

2.5 BT API B9IR1EIR A 5 7%

2.3 M1 2.4 573 B RE T InSAR BOAR SRIUAL # A 45 7 T 3 1) B0 R il 9
gl e (2.9 B 5 55N ORI (2.9)%F A M R4 250, FIH ANSYS
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Interface, APD) , SZHL 7 A& 4045 € 6 M€ &) TBSL J7i. % APl R iF
MATLAB E#% 1 ANSYS W1 APDL 484 (U AL S, 3R filds il & 45 R4
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G :{vfw if rand (j)<CRor j = j,.,

2.48
x®  otherwise (2.48)
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NWIBNZAS A, O TRE P SRR At 4 T AR 35

A EAKFE ANSYS FA- S5 RS & SR 4 » U0 IR B2 37 A 45 ¥ 3 22 18] (R A B A A
[ 2 Ao M - SE AR B TP R SR B P IR —, E RE AR DL JRE i I 1] ) A2 Ak
XA RIS o FE 2R S R R W OB R AR IR ST R, S B EE M A
A B LA SRR I BT 1, 45 21 B AN S5 A AE AN TR I 8] 5 B TRLRE AT o R3S
I M RENS IR MR FE I I BN AT AL, R ) R AE MR R A R A5 My i, B R8I AR A
XA RN 25 Heg 14 52 Wi LA B

BT BRI ER, Gk R b AT — PR R IR R SR N T A A
TIEAT N B TR & T BOM B AR, 454 P33 AR I 5 B 12 T g S B
NG NS S KA R I kA, JUHRAE KIS RE S b rh, XA G N 3% . i
ANSYS (-SG5 RS 70 B Dhae, I3 5 S5 M ma SR AR, se 3 VIR AR AL
PSR AL A AN NI S a7 O T R VIR N TR TE - LR A G

3.3 ARTEAREIL

3.3.1 iR

ASCHEFE XS G AL T R A K VD T I 3 R K S R R M, WL 3.1 a), MR
Ky IRV A TR, T 2006 5E 9 H &2l B 755 R oW 3 # BRI,
A E N TIEELRIER (70+132+4328+132+70m) , NI R B MK 732m, &
K 1577m. £ 35m, WA 2% 1.5% M A8, 02 R 3.6m,
KA B E AN, WAERLRNIELZ 2R (HHRE 14mm, JERJE 10mm,
W4 18R E IR, KT i 5 R AR 2 1 6mm B RVEND o M5 AR TS E
AP GG . R 2 R 48, FAR 50 37 BRTHIFAT I L RIA K, *
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T 1] InSAR AR JEI ) K8 B F2 SR ah G544 1R 5 It

B MR LR 25m. M5 A2 AT A ST TR e R 2, A v S 0 AR TR
B IR AT AR RN 70em, FEEFEN 100em. (ERETI L B R A AL AR 5
AT SR B IR B, A BE 5 ) AR AL 2 o Of- 14330 S 8 SR FH WL 14 3 ) 3 A8 5 48 1)
PR SCPRES 5 ML R e B s 2200 LA & 0 A9 SL AT B 0 3.1 b)) .

a) 2x[E

732
70  12+12x9+12=132 11+34x9+11=328 12+12x9+12=132 79
143.581
gl o o
55770 56.72 58.515 ﬂ‘m\h\
23.89 25.202
® © @ (B) (&) @

b) EHYEHEE (BLL: m)
3.1 BRNHRREE

3.3.2 I REMERIN AL

NIt T RSN B R A A A B R e, (R B ES E R R IR A o A
TEE A InSAR 2 AR SREUHI A7 # B i vERf 1, FRATAEMF RN R 23 T H IR
IR MRS . N LA atds (CR) Ak St L2 &4 (GNSS) , X
MR gt s 22 Be GO1 B AR B . AR, DA R E BB GO2 AT GO3 KA #EAT K
MR o JRRE . AR S . AR AR DL AR S B A E W 3.2 ), H
T B MR P AR R R B GOl MR R AR A R AR A B 3.2 b)fT
7N o

UL A B R I A SR AR e SR AE TIPS 1 GO AT, b 1-8# A0 T 2 4
Rl B R N2 A%, DASGH IR 5 - AROR 3% S8t R R T SR AR B . AN AR 2 AT M B
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® GNSS ¥ CR
N IR AR R
(l
CR1 CR2.{ CR4 CR5 CR6 ; CR8 CR9
@ i
|
ﬁ LY N N N I LAY LY ;‘F\
3‘——J Go1 G02 G03
!29.2! 54 ‘ 649 | 881 ‘ ‘ ‘ 88.1 | 64.9 ‘ 54 ‘
FEHFLIE P (m)
™
” I . A A PV
S F M de Y@ ~
CRL CR2 CH3 CR4 CR5 CR6 CR7  CR8 CR9
70 132 328 132 70
ENFF I E(m)
a) KIfERBRARMSBHNGHE
v T Tkt
--------- T U VYUY UUUUUUUY U VUV VYU U U UV VYUV VYUV U s
’ 9% point 1 Point 4 Point 6 AP S|
D (=] b q
il b g Pomt 2 Point 7 »p q i
i R ’O‘ o O - O o ’O‘ i R

V T SMEER IR B VT

JEEAR

HRNER Y

SERYIRLIE N A RS

b) NIAERPE GOl LIREERENGEE

B 32 WERTRESEERFNE

G BERA R IR

| CR (A&%ﬁ%ﬁ) |

& 3.3 KiF{EEAES. GNSSHMICRTEESL R
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T 1] InSAR AR JEI ) K8 B F2 SR ah G544 1R 5 It

BRSNS TRARAEE (T « A (T,) i IMT-36C HBH 20 B 7% 1K 2%
ME (EFfE: -50C~150°C) o 18 NN LA I EF (CRD i [E 5 T 11 i 2% (7] B
P, HR A T A B ) AR 2 O R ST S e AR A ), T B SR MY SR 00 U AR . H
TIIE InSAR A7 ) UM2410-GNSS W £ Z 3 7E G02 F1 GO3 #i1i, Fribz 4b, 78
PEEMF R — e R e X B — 4 GNSS 1E N & uivh ., GNSS H&=K
O WS MRS B, G A K BH RE A M R S0 R BOH SR AR A - R RIS A S A% Ik S 1 4L
PEAE 30 /3Bl RE— K. IMZX212HAT A5 f£ & 2% (EFE: £1500pe, REBUE: 1ue)
T 2023 4F 7 HER, WINHROEEAMEHZ 18 45, &K ok a4 5] &
(IR 46 A%, A AT e B v 4 B B 58 0 B AR A A5 TR 3R 5 R ) R AR e R o BRI kG, U
J A AN F A A 5] A B AR R el A K R AR ZH R, TE B R R AR RE g
R a1, B 33 G T B R BRI AR RS KA R E

3.3.3 M RMH BT KRB K MK 57

I 7 Mk A7 BR JC 2 M ANSYS 18.0, ASSCEE ST T H An M 2 1 56 56 4 R T AR
R, AR T DA R R 4R EAF R B A, B A AE A MR 4
My B BE o0 AT o i P RO SR 45 0 40 W I8 SR ) “AF R RN MR R B T,
XX b 5 R BEOCEM B R AR W BE L 2 ) o AT FNAR TS ) R . SR, AEIEAT
SR I PN G5 R RE A 0 AT B R IR AT I, SR g AR RE A HEORS R B L 4
o) PR R 1R 70 25 AT N R AR SRR PR, T R 484 43 B B4 B8 w5 00 HidiE SRRV

ARSI R S = A A AR AL Sy 0 T AR B i RS R b . FEPR IR BT 2
6], WA R 0 AR — B0, B o0 I8 B U HA A3 AT o ) 4 43 i B G B 3 R 5 R b
&G M TG AR MR B IR B 3 L 4h A BR e A B s 0 A, BA3R
5 PR B AR Ak 51 By e B o SX P O VE AR TR R B — Bk, bR s T il
£ 1 0 R0 e i 1

(1) ek E

& 353 Bt 1 A BIR AR 28 PR B B Rl F 2% A 1 # o BT B TR B SR A SHELL 131
T FR TN R B I S A AT B, BEE TR (EI D JRAR . RHIR AR A K
Bt s A SOLID70 #ASEik By il = 2 A 81T LINK33 #uf% T AT B o 4
FEF AT FIH MASST1 #4512 oo 0t = A0 Pk 47 #

TESE b, MR 450 e 5 AT oo B ARl o ANAR 92 10 2% 44 14 R
F SHELL181 H.on AT #40h, FZEEEAAE A SOLID4S Stk fion, 450 f #1 M@
i LINK180 #FHn AT B40L, F HC BT H MASS21 fi HLom . 1X L8 45 1) 170 R
% 5 T s B % R4 1 1 00 AT D R R

e A B A% 3 0 Ar 5 454 2 e B B e SR BT B LR 3.1
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*® 31 ROMBREEMETNRR

Iy A T He g FF 57T =y
f& 33 HT SHELL131 SOLID70 LINK33 MASS71
g5 K0 43 Mt SHELL181 SOLID45 LINK 180 MASS21

JE B2 — RPN T A 35 [ 56 = ZANAE R R TT, DRI ik Ak 35 3 ) 3R A PR e A
BRI A W s oa KA. s B o0 SHELL131 Al 45 84 43 A 8 oc
SHELL181. P& 7E LA FARFE—20, @ 3.4 Frox. PR ooy il DY sl dh 45
(1. T, K. L) AsgiRsms Be Lo

K,L

J
=M COAMEED

3.4 SHELLI131#1SHELL181 5 T &R

SHELL131 Bt — M =4t0 B gt oA RoRER, XF
PSR ETT R IR R, BT AREZ A2 NMREABE, G TRE
SRS AT LRI M, SHELL131 B0 ml B A FULEN 6 22 488 i 1) 6L S 3
Iy AT, IR TR AE RAL I A5 R 58 BT, SEIL IS il %R R RS A B A0, o SHELL 131
() e A L R 085 7 Rk B 5] E I R IK RN, AR AN AR 22 R AR AL g3 B K
HEEEEH

SHELLI181 fE A& #rFh SHELL131 K300, AT ARG Fa 5%
L ANANEHE. 5 SHELL131 A EL, SHELL181 3= H T 45 fyma B or #r, g% ib
P AT AR L K AE 26 4T 8 - SHELL181 fERE L KA . AR 4550 3wy DL e B 2
LY SEAT T B &5 e B I R B BRI RE . R iE A ORI E R X R T
FE R AR AN A 28 M RN 1) 45 #5544 . SHELL181 ANGE F T2 M in) i, 38 RE % 4b PR
mEAEL R A, 18 B 7R AN 2 32 TR 5 O B AL AR 1 R e o AT R R

M LK X YA R TR R A S, A IR T Y BN [F] I 25 RS A RON 5 4 R T
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T 1] InSAR AR JEI ) K8 B F2 SR ah G544 1R 5 It

iy DR AE 73 B I R v v A s Ik H AR R AE 2% T T R SE B R I .

(2) MR 2>

FESL LT RE R 7 5, R REAT WA ) o s B A D A BR e A R Ty ) #E AT 0 A
AW FE R FH R S5 A% S50 AR X A A S AT DU R S o i)y, LB R 45 4 J LA J AR
FEEARA . MR8 S BON B 20 M BCIR G M MR A 7 o8 i R o, IR &I 73 J7 304 Bl
T B AR DL K B AR 1 T AT O SR SR SRR E . RN, SR RGR
DS Wi i v R AN S PN = S 7 S R i ARSI § R bR U T S
PR, AE SR LA X3 57 1 AT e HES S R R AR, PRAE T A%
B AR Jot B AT B T AR K 2 S0, T R i 17 JUARDRS 5 i it S i sl vk

ALY 2m WRO ANAR BRI B4 AT U5, T B RN U SR () 2 A
NEE; BEE SO Tm WA, JE R ASREGE, HIFEN 8. B, mAk
F2m PUAg R, BALS S R ERILE 3.5,

N\

a) MR b) RERG c) HFEE
& 3.5 RABHREE

3.3.4 I R F HIRMAMIA R FMH

ARG, s F R WAL R ZEiE CONTALTS A
TARGE170 Hye KRB, B 3.6 Fras. A ) fR A7 S e il ot £ A i 2 48 ) (1)
A E KA s B SR, BUa) I Bl S 2 RO 5 8 ) (1) 7 B H
KA ¥ 3 Bl RE S B . ik HUAN A R AR X IO R A B T T RE LA
CONTAL75 Hon i Hefim, )N e S TARGEL70 Bt H #x1H . CONTAL75
FGIE T E kT B AR AT N, BRI R 2 (R B S
R BB MR A AR AL, . B4 . TARGEL70 o0 U A 1E H A1
$J6, 5 CONTAL7S Hyn L RIEL &, B RZ Mo, E 4 A S e 5 32 320 2 )
(A BAEF 770 13X — A AL BE 08 [ B S b 45 40 oh SO R B 2R 1B B K TR 4
fitkt P 17 P40 23 A5 DA B 42 ik THT P49 8 e Xof 65 ) T 82 4D 5 7

R, 25 2R 76 5] M 2 18] B 3% 328 3 8 S A7 22 O 1m) DR 170 °F- 3 B B
BB R AR R, W 3.7, toy A RO T g e, KR
AR AR B AR T R R 5 510 2 R I A X 3, 8 G 7 IR B AR 4k B3 A R 2% 5
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Al 22 S

B AL RS, Wi ORIE 1A R B AR e R S THEORS R o AR X R Ty AU, g
IR G L& T 45 Y BIE S, 5 8 T N ML I & B0, DS e sk
P JtE T A e 24 2 6F 3 B2 AN 51 2 TR AR X 2 A2 B PR AR

X ARy 3, AR RE S S HE AR AL R S SO RS 5 2 TR A A
EH, WAtk 7AEA R 00N Mok SRS BE A al SE 1k, DN JE S 4 i A AL SR I
DMIE- 20

ot v PR3 32

L 5
B 3.6 FRE5HIEZ EREM ST

BRa

37 EREK. WSRO EMEELR S
335 RNFSHRAREE

FEAR I M, HEBR LR IR I T 2 S B TRl e R E R E . )
FHPWMART R WHCENR RS, R WA B B A% 38 RCR R AR ST
RIHER I . RSB IE T BHEIR FEEARL T BAT O, I8 5 W B 5 24 25 K
P NERE . H ARSI IR S HLER 3.2,
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T[] InSAR A2 JE IR A s Ml B 9K sh 5 A4 105 5 10T T

® 32 RASHMREH

24 i TR ik

P p (kg/m?) 7850 2650 2365
EL A ¢ (J/kg-°C) 460 925 1075
AL T £ (W/m-°C) 60 2.71 1.80
RFERE & 0.80 0.88 0.92
N L 0.69 0.65 0.90

K 3.8 BINERMA R CAERL, DU B M 5 B0 RY (1) B 4R 45 1 0 5% 35644 1)
BoE . K0 = 4R 24964 NG 30129 D AR, S NP F 2SR 1
BT .

BREARG FHHID)

Mik (SR

B 3.8 Z#SEWARTHEE

Ja B2 1A PR TR R SR R Gt I IR R 5 e i Ok, T AR A
PR oo s A v A I i S AR R i S A M R K on, 3@ APDL 4 (4
ETCHG, TTS %) SEPLHR IR 45 Fooh) B shie e, (R g s iR R
g B AE T &M oo, KO- RS b . M AR S v 2 U7 ik, BIAYX
R A b @ s, o i Pafm NIRERE, i Mea T iEA L TEEAR
T BRI T Bl N T B R P IR, RN, SRR AR B 2 R T TR R A A
REE . B ARSEHEnS, TH5 IR Y o R A7 45 RSO, TR B B AR &, Bl S B
FOCRAIF B E G R R AT SR I R . SRS B IR AT Y R B
A BRTTAE AL, B ORI 18] 25 AR I Th) 8] B8 5 R P 5 TH SR 97— B0 R & HH A5 A i
B2, A JE 8253 H b P OHE S
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3.4 BT NEENARITRESIE

A RTT M, BT 40 8 M MRHREIE DL Sl 5 2% A1 55 DR 3R I B2 i), A
RS 8 5 S PR a5 ) 2 (B A7 R 22 o 3R = A BR o B Y i TN RS AT AR RUE 1E
AT /DR D I, W N TH /7% (Response Surface Methodology, RSM) [1061{E
M TSI R R A TR, RGNS ZHONAE, el g A
S Z AR &R, D T E4ES B R B B A

3.4.1 Mo Nz E A2 IE [R 38

RSM s& — Mt TS it S R RUE IR D7 vk, @ M i Wit 2805 45 7 B 1 2
FIRPIR R, BREROARITIEE, WmEER&IFEAE. T RSM A
B IE F ZHAHE LT U4 IR

(1) Rz IEZ#inik 5wt

BB IR EASEWMERTBEBIEN S K T4WTERLE, @FE#Hf
X 45 KEJ ) B 5 M R I S8, WM R R AR & By B py JUT RS @il R
B AT 7 L TR IR e 2 8, v UAE B IE S R AEF, BT RS & IE 45
P A

BRI VT 7 2 R A B L R Ve M) . T ABE AR (PR R R E AR A R . MR R it
JEATRE AR T2, P & A% 1T (Central Composite Design, CCD) . BBD
¥ il (Box-Behnken Design)  D-fm i itH!27, IEAZ b U280y &) i iH 129145
AN T EE A T ARG AEIE bR, A, RH T CCD ik, %77
s i o ol AV 3 1 O P - D W o S v T ST Y VA 7 o == [T o1 .
6 ST R, ke B A T Hb AR AR A 7 R FR O A R S ol o) e B ) 2 IR AR, e 8
LG b e A e B B Y . Hodr, RO AL T R R K A AL B, T A R s
55k 2= MRS S A R A S AR s Bl WA, T & R R A b, AT IRR SRR
o BB K T I 0 4 R AR A s O .l X Ak T, CCD Jiikae @A X
TR E S R, AT B YR A M A0 & E SR L . CCD J7 v il od H T 2 A B it
AERSLN S GEFE/DNT 6 NMEE) , HRAER/DRIEREARTAH B E M
FRy o N o 2 BEAR R BE 8 [ N S5 R R BB AN S RN, BT B
2%, EaH TN,

(2) ZHEEH MR

WERMBIEZEG, SR L ZR T, Tkt 25 R i N 52 i i 2
K, "aBIEAE. FHNZSHEEMRRITIEARE TEE R REE S
P&l F R4k CANOVA)D o Horr, F eyt 008 i b oA [R) 458 284 1) i 22 ~F- J7 H
S I HT 3 H AR B AR B R TR . BARCSR U, F ORI A% O A2 L RCEL R
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T 1] InSAR AR JEI ) K8 B F2 SR ah G544 1R 5 It

FUBCEL, RTINS m A EI RIS, F 460t o] LI LA R 4 28

(SSEprevious - SSEnew) /1

F= SSE_ /(n—-m-1) 3-1)

new

Kt s SSEprevious B E m—1 NEZR BB RNRZE T T SSEnew 2B E m M H
R P RNRZET I M n AR RCE

Fhs 56 (K R R i Ho 288 H AR B I R BON T, RI1Z B AR B0 Wi v A2 & 30f
HRW . AL ENREEAKT 0 GEBFEAN0.05) T, KEENA:

P{F>F_ (Ln-m-1)}=0 (3.2)

W EAR F AR T RS T A £, (Ln-m-1), B P<0.05, \HNZH
FRMTFNERETBEHW. RZ, WNZHEROBHALE.

(3) W7 T B M SR 4

U % T BRI K060 T 3R 43 8 MRS R 8 B AN T S o TR R 0 3 4 SR A
BO(—Fr. ZHrERZF) . Kriging FE% . BP #1140 /1 2% A5 Y F1 4% 7] 3 B %0 (RBF)
S 0126 7 A 8 TR o1, A 22 50 AR 2R DR T 3 2 L R R T W2 SR
H— B R A

Y=+ 2 B+ X5 Bixx e (i#]) (3.3)

Reb y HERIRT x e[, x ]G e @K, K x40 BRI\ 28 x, B8 9 g

AR NAT; BRNGTERE: ¢ NIREED

R B 2 B A B, I D ARk ILA R R, AR B 4
My 85 R AR R B R &R XM B B A B 2 SR A R R, 9 H
& A T A MR A S I d S B D 1S T

(4 e R [ 455 284 58 iF 5 A AL

M . T RS 2R S N7 g, TR OO LR P AT IO AE o B R I I F AR LS TR 2 IE S MRS
3. Bk ZEME . EISE &S0 . RIS AAH XS 3 7 %2 (RMSE) &5H28- 1291 Horhr,
Rk 5 2 i R de br, it E A AN

RZ-1_ Zj_1n[YFas(J.)_Y_(J2)] (3.4)
NGO
A Yo (1)~ y(j) 73 ) e e )57 T A R AR B A PR e R 45 R, Y2 H R
RN YME; n AREHEARSHL
RZAH I [0,1] e B R A 00 B - ROz 1, R TRORS Bl vy, 2, R FE I .
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3.4.2 Mo [ @ & B9 2 A

A RTER M E LT R, SE A 2 A AE I I R B o A SO T A
FHFR) S 0 500 DR R T 2 B 1) 3 i R i B A o A 2 B S 10 v A AR T DY A T
W RE AR AR, FH DR A B A R e B R N AR A s T AE B
i, 223 ARSI R R, Al T E AR B . R I RN AR 16 A
IRt BEAT 12 15, I8 X LS B, R LAy BR oA A B 41 S i B A S, AN
oA IE SR A et EE RS2 . AR A B OLLE 3.2 b).

(1) 1L 280/ L5 w5 Wi

BT LR TR MR TEOL, BB T BLR ) REXS A B2 A2 1 45 2R 77 AR B R
Wi S K. BERFAVERCE B RIS HIERIE E)s BRI pry WIS L po LK E
DY R s A R R AT (B 3.9, R H AR AR B AT Y R e (1)
SR I HREAT I B . BB dR A PR TR A (RIS PR A ) 2 8k
BN L RS ECE VB SR Z B S AR ERE . B 3.9 Fioacsd R,
AR bR BT 32 525 B2 0 G 8 M AT R 50 I LR A0 I UM S T T T2 48 R B A G
SR BURIERAR . BEAk, 5 X H b R B 52w B AT B R R, AR
JERNIRERE 1.1 &R, HARR BRI 254210, e e E T 2B h. B
b, BB IENZREE. B —BIEAMEL 7R E R, iR 7R A
FESTHE A4 o B e AN AR DU CROTOORR . AR « REIE AR D 3 M As & Je FL %
JE DR R B I Ok B N E ME S e S 8 R R B U o A AR S Y R a4
J&It .

NGB IESEGE T S BEEE, R RA LR E L, AT S0
RN FEHEAT 1 IR o 85 T A R R e T2 A AE AN E 1, SR PR R
AR AT A B N£30%P Y, fE IES B MR E A VE Bl N 3R 3.3 B .

(@ b ¢
0.2300 — (®) 0.6 —— pp © —— BT
—— I —— 20r —— LRI
0.2298} —— ER{
025} 15l
#0.2206 | & <
PE ——— ﬁ:i[ 024} E[ 10
= 02004} = m
MOA o m 05
0.2292} 02
0.0
02290 L L L L L Il 022 L L L L L Il L L L L L Il
06 08 10 12 14 16 06 08 10 12 14 16 06 08 10 12 14 16
FRAE L b FRAEALH IR

a) RAFMIFENBMEIEE b) MARMFEMEE o MERMHENEMERE
B 3.9 REEDITENLE
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T[] InSAR A2 JE IR A s Ml B 9K sh 5 A4 105 5 10T T

*® 33 FRRESHR

TR R FERER AR

2 BRI AR 58 A

FriEIES 3
X; (X10''N/m?) X5 (X10'"N/m?) X3 (X10'"N/m?)
HItHH 2.060 2.060 2.060
FBRME 2.678 2.678 2.678
T IRAE 1.442 1.442 1.442

3t T Design Expert BT AT 056 e v HF R EEFE A KL B 32 22 TR 58 P A
Xiv EREARCHIER R Xo. BB ERFAVERE X530 , JF S BUE AR 2400 51 R,y TH
B A#IN 5L Ry A AR S#IM 53 R 19 I3 A D9 AH R F) 45 A Wi AR o e 3 40 46 A PR o
RO S0 B AR BEAT BUE R, IRAT T AR R 28, IR DL ST e N T AR A
FEARE, HARAUE LR 3.4,

* 3.4 REHARREENENE

X X, X; R; R> R;
FEA B

(X10'"N/m?) (x10'""N/m?) (x10''N/m?) (ne) (ne) (ne)
1 1.442 1.442 1.442 -53.857 -14.887 80.542
2 2.678 1.442 1.442 -53.496 -15.856 83.518
3 1.442 2.678 1.442 -53.868 -13.476 76.639
4 2.678 2.678 1.442 -53.857 -14.887 80.542
5 1.442 1.442 2.678 -53.857 -14.887 80.542
6 2.678 1.442 2.678 -53.496 -15.856 83.518
7 1.442 2.678 2.678 -53.868 -13.476 76.639
8 2.678 2.678 2.678 -53.857 -14.887 80.542
9 1.021 2.060 2.060 -53.761 -13.238 76.032
10 3.099 2.060 2.060 -53.578 -15.562 82.601
11 2.060 1.021 2.060 -53.484 -15.964 83.855
12 2.060 3.099 2.060 -53.996 -14.022 78.082
13 2.060 2.060 1.021 -53.857 -14.887 80.542
14 2.060 2.060 3.099 -53.857 -14.887 80.542
15 2.060 2.060 2.060 -53.857 -14.887 80.542

(2) ZH = k%
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it 3 AR B T SRAG R A R R i NAE Bl o v AL S O i N Tk, iB
W75 Z 8 (ANOVA) |l F ki it 7 B vkl JFHES S8 P H. X
P<0.05 I, RUIZZHON N A EEFELN; &k, HPWEZMANE/. %2
WA RII TR 3.5, NR 3.5 iRl LLE W Frik #0102 8l B 82 Uk
G
® 35 SHEEMKREE

HE] 7 R, R> R;

ZH (ne) (pe) (pe)
A= X <0.0001 <0.0001 <0.0001
B= X, 0.4124 <0.0001 <0.0001
C=X; <0.0001 <0.0001 0.0013
AB 0.1103 0.9760 0.9036
AC 0.0215 0.8760 0.5801
BC 0.0326 0.1609 0.0580
AN2 0.7695 <0.0001 <0.0001
B"2 0.0080 <0.0001 <0.0001
Ccr2 <0.0001 0.5115 0.7942

(3) Wi S [ R 45 40L&

LT A B 56 R T 3R I R AR B K FL R R 45 A e B2 45 L, 3@ id Design
Expert BC{F I R 73 A h g, SR B IR R AT AL B, I R A e/ — 3R
ERERE. S Bkt 8, W 7R IE S 8 S5 R R (8] 1 i S T A
M. HBEAAFRIXRANNG.5)~E. PR

1) FTH AR 2400 5 AR R

R, =—62.22-29.72* X, +2.80* X, +32.59* X , +
2.68* X, * X, +4.17* X, * X, +3.80* X, * X, (3.5)
+0.34* X 2 -3.77* X,* -8.01* X ?

2) AR THAR 4400 55 B2 R

R, =—17.32+19.81* X, —16.14* X, —2.29* X, +
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