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Damage Tolerance Analysis on Thermal Protection System

HUANG Jie', YAO Weixing*
(1. Key Laboratory of Fundamental Science for National Defense-Advanced Design Technology of Flight Vehicle,
Nanjing University of Aeronautics & Astronautics. Nanjing, 210016, Chinaj;
2. State Key Laboratory of Mechanics and Control of Mechanical Structures, Nanjing University of

Aeronautics & Astronautics, Nanjing, 210016, China)

Abstract: The CFD numerical model is established to study the aerodynamic heating of thermal protec-
tion system (TPS) with initial rectangular damage. The high peak heat flux appears on the side walls of
the damage area, and the peak heat flux on windward side is greater than that on the leeward side. But
the heat flux on the bottom of damage area is very low. The finite element heat transfer analysis models
of thermal protection systems with and without damage are established by using the heat flux calculated
above. The damage results show that the maximum temperature of tile rises sharply, and it exceeds the
ultimate temperature 1 500 ‘C that tile can bear, so the failure occurs on the tile firstly. But the damage
has little influence on the maximum temperature of structure. Finally, damage tolerance analysis on the
TPS is conducted. The maximum admissible width of rectangular damage reduces from 22. 7 mm to
12.6 mm, and that of arc damage reduces from 34. 6 mm to 25.1 mm when the maximum value of ex-
ternal heat flux increases from 100 kW/m?* to 140 kW/m? under the ultimate temperature of tile. This
is, as the maximum value of external heat flux increases, the maximum admissible width of damage area

reduces, and the maximum admissible width of the arc damage is greater than that of the rectangular
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damage under the same external heat flux level.

Key words: thermal protection system (TPS); initial damage; CFD numerical model; heat flux; heat

transfer analysis; damage tolerance analysis
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Fig. 2 Boundary conditions of CFD model and local mesh

of damage area
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Fig.3 Streamline in damage area
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Fig. 5 2D finite element model for heat transfer analysis
x1 TPS EMERNESH
Tab.1 Thermodynamic parameters of TPS
k/ ¢/ o/
R ~ - ~ - .
(Wem ' +K?') (Jekg'«K ) (kgem*)
B FAFT 0.05 1 000 200
SIP 0. 06 1 000 150
RN 155 900 2 770

H1 23 A 45 SR AT R0 By AR R B el JEE S BT 5
DX s 360 XL R L i T LA 5 o R BRAE BIL A
R, £ 28R T &G MIH TPS i
77 R BT AL A fi v i 38 L e e T 2 o B A 221
R2 BRARMIGERSEERRZ

Tab.2 Maximum temperature and time of tile and structure

ros . ‘ E% R
R/ C % /s
T A1 B A B 979.5 1500
IIREN 215. 4 3 870
SR B #A BL 1692.3 1500
GIRZS 208.3 3 690

PN 2 HpnT L AR 0T B A B i v R I
ZAAHTR] 33 2 p T B A B A0 3 187 114 55 v 10 38 s 220
HNERBR B B e . TR 6 v R SRR B R A [
I )5 A0 B e e 90 O 22t A TR 4 49 I LA
T e T 55 1o Z0 B AR 3 DR Oy 4495 i ol BT A6 6 1Y)
WD, A EB B R RE P AL B B ALK, BT W
1500 sH1 3 690 s I} 2] & 4145 TPS MR E = K.

120 - 80
-~ 160
+, 100 |
g —— A Ja0 ©
: 80¢f —-—KAHSRE ~
2 120 ’%
J;\g(/ °r 2N 1° ﬁg%
wm 40f ! ; 1-20 K
i’ e \-\ r
Z 20 - "~ 1740 K
ol 1-60
1 1 1 1 1 _80
0 500 1000 1500 2000
FENEE] /s

PR 6 R L I DR BR 5 3R B I 1 A A 2
Fig. 6 Heat flux and ambient temperature vs. reentry

time

(a) 1500s

(b) 3 690 s

K7 1500 3690 s &4 TPS &Y
Fig. 7 Temperature field of TPS with damage at 1 500 s
and 3 690 s

Bl 8 S P A 2 A o 4% TG 05 15 0T Bl ARG
B AAR S5z v 3030 32 A7 58 ) 9 B o sF ) 2 Ak A7 450, w08
ZEF 2 000 s Z R B FREC 5 ey T 5 o7 5 19 iRk i Fsf
] 25 Ak T 28 5 P 6 HP A AR HAGIT 4 B il 2 A1)
Y 2% 2 0 45 S T B 43 04 B AR B e T
JEIRF) T 1 692.3 °C, i oA 453 B #4 B Hc i T E
979.5 °C, BV 145 A7 75 B By #4 BC fi oms E 20 R T

1800 1240
EENES 1210
o 1500} AR
< 1200 1 T 1180 ©
- b e °
% NS 1150 >
B 900} ESH, IR s
2 T b 20
g L =% 24ViB 190
5 %0 b, DLk -
300+ )
430
0 2000 4000 6000 8000 10000
AR /s
8 B P T FHAIL A i B [ A5 1
Fig. 8 Temperatures of surfaces of title and structure

varying with reentry time

Hie i TPS ML 5 il B D 208. 3 °C L1
JeA5i 73 TPS HUA fie i i B2 O 215, 4 °C L RIEZ3 A7 452
T e (18 45 03 2XORE LA 25 4 o T BE 52 M /s B
7 0 3 I MILAA 2854 i 1R 2 A R R
5203 368 BTy AR B e ot JBE ) b T T AL
T 5 e i JEE A A A8 /0 1) D DR A 45 407 DX RO
JEO AR OL . dr P A4 T T g X ) BE B A AR
P18 R IAE 0 0 o I R 200 XL T A R £ A T R 4
FERS T 30 30KE i A By B B A0 I TG DN BE (1 L g
C A BL f ey T BE O ) 7R A2 R B R Bl AT & 5
SISl I AR 2 3 b AL 3 B R T . i 4
A3 DX 380 350 194 A NS BG4 BEAR /N fE 10T ~ 10
i 2 2 (8] 454 DX BE b i ) v A O R S 7



%4l o

AR BRI 2% B L 1 & it TPS SRS gl hn 4 &
5ITeHitn TPS MY X st B 1 & 45145 TPS al
A B e i FE 5 TE A 00 1 00 A L B AR AR A /N 1 D AL

PLE 20 B 6 BT 458 0 A7 7 I AL AR B e U B2 A2
BN AR X I AN BEUL I & 4 TPS 2% 4y, [H
R AE R B A P B R R E IR B T 1 692.3 °C,
— B BL T B AR RE K A7 0 B B R B R R
1500 °C, i B #4 B0 1 5 28 2L, #F 2 5 BUE A
TPS [R5

3 TPS HGBERDH

3.1 R X E R S A
Sz B3 B0 I R A 5 VR B RO AR 9
R A 9 Bk, FE#EAT TPS 4145 %5 bR 41 7
2 W AT I AL 5 6 9L 35K B 5 PR 2% G
R 437 591 i A0 10 2 0 32 TR 85 R
BAGIAT TPS U E AT . 1 LA 40 BT 45 50 T
A7 A B 1 B 50003 35 R A0 R
AT 2 U (L k2 R A S A 0 (.
O 4347
o
H

T
Rty VB

B9 45 X el R &
Fig. 9 Effect factors of damage area

S T WG A5 DX TE B TR R AR 447 X
Saf 300 TR T ) B R R (R 1) S ) ST T A L Y
K CFD Bl M B . o Hr kA 1 AS TR 452 455
BT A5 X3 R G B 1 AH X B 2 A A
1 00, W B 10Ca) i o DAL o mT 60 B o 4 43 9
{8388 Jan 58 4 DX 300 XU TR 00 B ) R 0T AR I % R 0
BH 0 T =0 s RV 05 DX 3 5 P8 X b A X 3 7 06 1 5 i)
38 T e USRS 4L

P 10 () g AS [ 453 49 98 B2 A 100 43 49 DX Sl A
XoF R B B ) 43 A A 5 o DL v ) 4 B 451 47 X
TR X JHL 3600 DR TR A0 R A X A I R 0 L R i R
NG BT 2 R T A A DX SR B TR I R
S8

Sy BT ARAR T TR 495 DX S8k P 1 3 4R L o
11 7 o DAL v mT SO0 %3¢ 381 1 X 38 9 9 3 4R 25 S e
P 3l . ELUER 2 2 A A B — A TR X .
12 SR T8 R 463 495 DX 3 2 17 110 4 6 243 28 1 4
A % B0 AT 0 8 3] SRR 461 43 DX St XU A0 B g AR e
P A B SRS R B0 O A X O AR
J& T e U R B

A5 AT P R G0 2 IR 4 B 513
35
| —=— W=15mm Y
0 . W=20 mm 1
25 b —— W=25mm ) [
i —v— =30 mm
g 20 + ) '
g 157 R
;ﬁg 10}
ol e
0F 4 _
_5 1 1 1 1 1 1 1
0 5 10 15 20 25 30
5 X 3R 5% BE / mm
(a) Heat flux vs. width
351
—s— H=5 mm ¥
30 —e— H=10 mm
P 25+ —A— H=15mm !
= —v— H=20 mm
“g 20
£ 15t
= 1]
ol i TR —
—5 1 1 L 1 L 1 J

4 X R / mm

(b) Heat flux vs. depth
10 453 s DX IR o R 4 B2 o 5 8 0 T A A 1 DL
Fig. 10  Relative heat flux varying with different widths

and depths in damage area

B1L SIGRAR 17 Xk B 2R
Fig. 11

AN

—
i

Streamline in arc damage area

350
30+
25}
20+
15t
10t
5.
ol L
Y
0 5 10 15 20 25 30
B IR FEE / mm

12 RT3 B AR T A A

Fig. 12 Relative heat flux varying with different shapes

i
— AR

%
B

i
XX

of damage area

3.2 TPSR{AERITH

H DA b SR o A 45 SR AT R 404 DX R Y 9 R
AT AR 453 47 X 3 3600 JR0 T 0] B R 7 5 2 WA (L 32 )
B W05 TR JEE X HE R W AR /DN AR SO S FE
AT A5 4731 B0 492 473 X 38R B 2 1) e KA BR 1L



514 &

2O o= At

PNEIPNIE 5% 50 %

5 JE A [F S 437 2 1 L P 13 R L A
TR HR B B A A (IO %8 B 4R B 2 B R B
100,120 Al 140 KW /m?, 43 H7 448 T A [7) 4 6 4
L 8 K 7 KA X B 5 3 G B
ST 5L 003 1 398 9 1 1 2 AL 80 ) 14 7 L Lo
157 8 0 M Jg 5 9 1
7= T/ T (5)
FH s T o % 450495 B 4 BL Y S5 R0 B 5 T o WG
3510585 B0 T BT 0 B L

160
~ ldof
g 120t
E 100
< 8ot
%‘ 60} )
2 40t -+ 0,,=100 kW /m
& ——0,.=120kW /m’
To20f = 0,.=140kW / m’
0- 1 1 1 1 ]
0 500 1000 1500 2000
BEARE /s
B 13 AR K S A A0 5 5 il 2%
Fig. 13 Heat flux curves of different levels
—=— 7,100 kW / m’
SEL R
.- 2, m "
B 18| = JUE100 kW / FRER
= | TR '
W16t ’ 0
i3 g
B 14t ’
Z AW,
E 12} PR fh 2%
g o}
0 10 20 30 40
W4 X IR B / mm
Bl 14 ASFEEBGIER T B TPS i 45 2 B ih £k

Fig. 14 Curves for damage tolerance analysis of TPS un-

der different damage shapes

ML 14 T DL F 46

(L) 25 45005 135 96 09 39 5 8 B A6 %4 B
PR RE (LT 75

(2) AR AR B Ak T« LA R 4005
TEC R 34 BT A0 X L 0 4 4 AL T
S SN K B XU TPS $005 25 B 28+ FLA
TE 4503 415 5 R 2 5 945 05

U 14 o 056 5 RSG5 5750 T 0 50
T R 2 B0 T 78 A ) 41358 4407 26 K OF T 09 4
{33 9 HE e A A VAL OS2

(1) 5 76 451 0 1 5 F B 4 5T Bk 85 3L P
Thix0 0

(2) FHEEB MR T 3 oo 10 1
fti 1.

(3) M TPS 4547 7 BR iy 2 B AT 28453 9 X 1z
45 B B8 B B A DX B R A 9E
Wuhimnte o

Oy ARAR T B ELAR BRI D 1500 CR, A
[F] S350 A O 4 2 7 - TR T A5 47 Bl A B 1Y e e L
SRR 9. 3% 3 P AT A 14 o 946 £ 75
FR i 28 B AT SR A5 5 g X NL B9 B R A I 9E RE
W itimae » WHZE 4 B 7R o F 28 K080 R RS0 R 4
BEf KA 100 kW /m* 380 %] 140 kW/m*, JiJE
05 DX I g R E N 220 7 mm gl /)N B
12. 6 mm, i I8 5 45 X 30 AY e K2 V8 98 BE A
34. 6 mmyd /N 25. 1 mm. BB Sh 0 G %
B AL 4530 DX I8 5 BE 1) de R A VIR AR . ot
AR [) 18 B o B 15 D0 1 SIS 4047 5 J5E 119 4 K
BV R TR 358473 » 3 2 DA g A T 468 403 5 B2 9
FE A5 40 DX St A T 0] BE £ A I o B8 U EL AR T B
B X IR

B0 I 45 05 98 BE /N T LA AR B 1) de KA
VRIELIN o 1 DLAEAS S By 0 BL A 00 #EAT T — I
QAT S A 2R e B AL R AT
Hh B3 A B i i il B 2 A e HG AR 0 A BRI T A

R3 EHRGEATHARRSEERILEE

Tab.3 Maximum temperature of tile without damage and 7

Qe / (kW e m™?) 100 120 140
T/ C 923. 8 979.5 1029.3
7 1.62 1.53 1.46

x4 BHEERABTTE

Tab.4 Maximum admissible width for damage area

Quax /(KW « m™2) 100 120 140

HEIZ s W imare / mm 22.7 16. 6 12.6

KT s W ittimare / mm 34. 6 29.3 25.1
4 % i

ASCE i CFD U 7 ik bk 58 73 $id TPS
073 DX I 1) AR O R O3 A L 0 BT T A A
TPS W el F AL freJm BEAT T TPS 45 45 75 FR 4>
B AR LT 2518 -

(L) 4530 DX g Ol B | ot B 1 AR e 1) 3L
JRE W (L L300 XL T 0] B ) A O JRE W (LR T 7 KU
I BE , L4547 DX 3 7808 A O 2 B A ARAIR

(2) 4507 58 & ) doe K78 VR 55 A0 38 B I 5 i
IR TG T AR A 5 o S0 0 B4 O 48 gy 432 10 9
F14 e KAV (ELBRARG » I AR [R] 20 5 PR30 5 L 155 0
9 643 B BE 1) de RS VR R TRIE B0

%

- &



%4l o

A 55 P RGO A B B

515

S & k-

(1]

(2]

[3]

(4]

[5]

(6]

HUANG J, LI P, YAO W X. Thermal protection
system gap analysis using a loosely coupled fluid-
structural thermal numerical method [J]. Acta As-
tronautica, 2018, 146.:368-377.

BRANDON H J, MASEK R V, DUNAVANT ] C.
Aerodynamic heating to corrugation stiffened struc-
tures in thick turbulent boundary layers [J]. ATAA
Journal, 1975, 13(11):1460-1466.

INGER G R. Nonequilibrium boundary-layer effects
on the aerodynamic heating of hypersonic waverider
vehicles [ J]. Journal of Thermophysics and Heat
Transfer, 1995, 9(4):595-604.

OLYNICK D. Trajectory-based thermal protection sys-
tem sizing for an X-33 winged vehicle concept [ J]. Jour-
nal of Spacecraft and Rockets, 1998, 35(3):249-257.
HUANG J, YAO W X, LI P. Uncertainty dynamic
theoretical analysis on ceramic thermal protection
system using perturbation method [J]. Acta Astro-
nautica, 2018, 148.:41-47,

WA, MR, BRAE. A I R G0 X U IR A A
e Jr k()] FALEHR, 2018, 39(1):27-34.

7]

(8]

(9]

[10]

(11]

HUANG Jie, YAO Weixing, CHEN Yan, et al. Di-
vision coordinating coupled marching method on ther-
mal protection system[]]. Journal of Astronautics,
2018, 39(1).:27-34.

BURGGRAF O R, ANDREW F, CHARWAT A F.
A model of steady separated flow in rectangular cavi-
ties at high Reynolds number[ C] // Proceedings of the
1965 Heat Transfer and Fluid Mechanics Institute.
Palo Alto:Stanford University,1965:190-229.
WIETING A R. Experimental investigation of heat
transfer distributions in deep cavities in hypersonic
separated flow[ R]. NASA TND-5908.,1970.
PALMER G E, PULSONETTI M, WOOD W A, et
al. Computational assessment of thermal protection
system damage experienced during STS-118[J]. Jour-
nal of Spacecraft and Rockets, 2009, 46 (6);1110-
1116.

LIOU M S. A sequel to AUSM: AUSM+- [J]. Jour-
nal of Computational Physics, 1996, 129 (2). 364-
382.

MENTER F R. Two-equation eddy-viscosity turbu-
lence models for engineering applications [J]. AIAA
Journal, 1994, 32(8):1598-1605.

(3. B85



