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Abstract

This study investigates the inference of debonding events in thermal protection structures based
on transient changes in the surface temperature field of a metallic substrate. Both finite element
simulation and Rayleigh backscatter distributed optical fiber sensing technology, demodulated us-
ing Optical Frequency Domain Reflectometry (OFDR), were employed to evaluate variations in the
substrate surface temperature field under variable factors, including ambient temperature, debonded
area, and debond thickness. Subsequently, the intrinsic relationships were elucidated. High-spatial-
resolution thermodynamic simulations and optical fiber measurement data demonstrate that: The
higher the ambient temperature, the larger the debonded area, and the greater the debond thick-
ness, the more pronounced the transient temperature rise on the metallic substrate surface. Fur-
thermore, analysis of the thermal gradient enables a relatively precise estimation of the debonded
area within the thermal protection structure.
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Figure 1. Basic optical structure of OFDR
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Figure 2. Theoretical temperature variation curve
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Table 1. Material property table
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Figure 3. Initial model diagram
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Figure 4. Grid model diagram
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Table 2. Temperature variable gauge
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Table 3. Data table of control contact area variable

=3 ERlEMERTERIRER

Fefub i A /mm?
50 40 30 20 12
Table 4. Data table of control thickness variable
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Figure 5. Heat map of temperature
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Figure 6. The processed temperature curve graph
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Figure 7. Variable cloud diagram of debonding area
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Figure 8. The variable influence curve of the debonding area after treatment
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Figure 9. The thickness of the optical fiber layout
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Figure 10. The thickness variable influence curve of the processed optical fiber
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Table 5. Parameters of optical fiber sensing system

=5 RAERRZEH

24 Fikk
LiRsy A50
2 IN (IS 50 m
PRETIES 25HZ
/MBI E] FR 0.4 mm
e/ ME R PR 1 mm
WA HERA S 1.5 pm
R &R -50°C~300°C
R P N P YA A A A +0.2°C
s 36 cm x 32 cm x 17 cm
Hig 8 Kg
TiFE 50 W
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Table 6. Parameters of graphite heating plate
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LRSS HE I (KW) JIIECYANS RFH(mm) B TAEH R
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Figure 11. Optical fiber sensing system
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Table 7. Temperature variable gauge
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Table 8. Data table of control contact area variable
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Table 9. Adiabatic foam thickness variable
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BT InFbRR E E TS, Rk, 7RI R, AT AR R TIC A,  [FIR ] 5 R4
WIEFE, 9 FHREE, 5 P EAR BRI &, 3t 225 AEHE, AR PRI T:

(1) IR T F IR PR WO FEUE, B =R W RE ML, 54 B AR T R M2 b = AN {8,
KA il BEAME

(2) HEL LR 40°C;

(3) IEHEEE AN 5 om LR P B

(4) WPk K E Ry 12mm, f LA ENE—X, ERKE RS 20 mm, FOUE,
HEMIE, HEHKERE S 50 mm;

(5) PRUERFEANAS, JRBRRE, SRR AN 4 cm FILEIHGRAREL, EE I, HE BN Lom;

(6) fEEE—AiRE RET )G, KREREARN 60°C, AP IHRE HIrERE, 35095 &
BT, BHEEEFEEN 2000C, REI 225 HEEE.
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Figure 13. When controlling the temperature variable, the temperature difference collected by the fiber at different sizes
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Figure 15. Temperature difference collected by optical fiber under different temperature and thickness when the debonding
area of thermal insulation foam is controlled

E 15. IR EERARMERNNE, FERE, TREET, AARKINEEEE

DOI: 10.12677/jsta.2025.134067 705 AR IRERHAR 5 8%


https://doi.org/10.12677/jsta.2025.134067

e

K 14 DR R 28 PG IR T AR B, AFRREE, AN FIBURST AR N E L R BIRIR 20, Bk
BT 5 XA RS DX IO o

K 15 NIEHIA R BRIERBRE AN, ARIREE, AFREET, e RERMREZEE, bt
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50 mme.

4.4. RETH
Phik 7 BAARRIER B AT IR E 0, Wik 10~13:

Table 10. Debonding area values at the same thickness and different temperatures
7% 10. HEIEEREIRE TR HEIRE

TR 40 80 120 160 200
12 24 16 18 21 18
30 34 32 35 35 36
50 59 54 51 56 58

Table 11. Error value of debonding area at the same thickness and different temperatures

= 11 HREETNERE THERMERIREE

T 40 80 120 160 200
12 12 4 6 9 6
30 4 2 5 5 6
50 4 4 1 6 8

Table 12. Debonding area values at the same thickness and different temperatures

= 12. HRIEENERE TR ERE

TR 1 2 3 4 5
12 26 19 30 25 26
30 32 35 31 31 32
50 51 59 57 53 54

Table 13. Error value of debonding area at the same thickness and different temperatures
% 13. HEIEEAREIRE THRMERIREE

T 1 2 3 4 5
12 14 7 18 13 14
30 2 5 1 1 2
50 1 9 7 3 4
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I Tl AN RS M, HORFESEIG T, DIE] 12 mm ks, @ T EEIR/DN, AT FU) BNl fe v
WAL, SERALRHIBORIRE .

5. /g5

AT JUR AT LI O 2 RS 353 0 BRI AR AT 70, 1 P 1m0 B A ST (7 A OB 2T 1R iR R St ik
ATREAL, BARBF AL R INT

ORIR R AR IR0, AR W N R B AN AR T mi s AR R el G R Rl
T, WU IR R AR ST, SRR A A B AR X BN AR IR B A B . RIS RS
BT ERIE R, AR ARG B IR 2Tt &, HUARTEER R 2 T, iR AR 1 X I R
XERERG X S BEAt, ORGSR 5  JE LGN, R R 2 S U IR e A R P T i DA R LA SR TR
JEE b T, T PR A PR A A N 25 ) DX sl D Ay 245 0 i £ P Y

AR P AR TR 22000 LR B B 0 1 B B IO R 0 A7 2O LR ISR B8, 25 R R AE AT BR T 73
BT ARG R A3 2 THERS, I ELAT AT & e 08 75 AR 45 K i 7] SEE 70 M AN A i PP A vh A8 AR .
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