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Abstract

A numerical analysis is performed to predict the thermal response and ablation rate for charring or
non-charring material which is designed to be used as thermal protection system (TPS). The numerical
program composed of in-depth energy balance equation and the aerotherm chemical equilibrium (ACE)
program. The ACE program calculates various thermochemical state from ablation products. The
developed numerical program is verified by comparing the reported results from literature. The
sengitivity tests for input parameters are performed. The thermal behavior of ablating material is mainly
affected by density of ablating material, convective heat transfer coefficient and recovery enthalpy of
flow fleld.

m : AHE-&(mass fraction)

gk i m o AFRF [kgs]
A B#8 2 (decomposition component) Pr : TS§5(Prandt] number)
B vE AT, Eax ¢  ERE [Wm's]
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- o gx [kg/ma]
ves 351:]1;} ﬁ.ﬂzﬂiﬁ;ﬂﬂj’]ﬁ;ﬁ}ﬁﬂ Poiow : ERT A A F(blowing correction factor)
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Fig. 1 Element conservation for composite material
at ablating surface.
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ablating surface,
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Fig. 3 Schematic of ablation model for composite
material.
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1AM oA A o] fRAEA R T3
7] $i8A AN F4E VEY A2 $EEn
¥3 ¥UxsE 5 2Tyl AN AluigHo]
A Axe A& 7HF I3A #a, WRE €9
Ar® A& wolt W& AMYHsch #¢
A o) ol FHE R ALt ot R
Y& AR ¥ (upwind difference) &, HEYL F
9} 2} ¥(three points implicit central difference)& A}
S35t Syl o8 AP’ /=
A AU g el dao]l PR, ®
Aol A gy oz e T FAXUE S
8la] TDMA(tri-diagonal matrix algorithm)o] -8
Bct. o714 R LAY FEHZ A}
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7 d@gg EWoAM dgy, 23 759
¢l Fxat Fo gto] dasich o|g TL g
£ Aerotherm Chemical Equilibrium (ACE)™ X2
I¥& ol§3tad AMYE 4+ A=ED 3%th ACE
= alvlg e segE ve st s e Hakd
4+ ERysid, Foj3 ¥ Auiggd g ¥
of w& daietyeid AP T Je TEIY
ol t}.

5. R AL XN HE

B A7 A g3e Wy Bldw et
71 fi8te] 7] dBE w9 BEAE ZBE 3o
HANE syt 1 AdE Hassich AAA
Mol v 48" R AvbE Adde E@=E
M Henline"9) =& HEUch A€ AviA
£ addolEg FlE-Hedoln 2d4yg F=
(steel shell structure)® A28} 3.05cme] F7AZ
A #ict,

5.1 H| ®8A(Non-charring) X B2 2| Ao}
1984 Pots!¥0l 2)alw JE#H 7 LotA &

= addgoelee] 79 FHL-7HE(carbon-carbon)
Atup Ao AR fAEY Beg A= nis)
A (interchangeable) A8 + 91, 3] H|H9
734 JANAF ®o]g"79] s x¢t2(solid carbon)$t
Z Yk £ AFNA S Henlinedl 7HE-7HE
AlolAle] Fuhe} uadt7) 9], Table 17
o] ATJ adjdojEe] #AA"OF ALgESC) &
YARL APr)Eoz 2HHO)EL C(100%),
2 A% 7+ (boundary layer edge)ol A& di7)
AP OB N(T6.7%), 0(23.3%)d A8t A7)
23 BN H8F(species)® C, Cz, Ci, Cy,
Cs, N, N3, O, Oz, O3, CO, COz C30;, CN CoN;
CN; NO, NO; N0, C(&&HE Zdyse
o, Yatt BAHAE JANAF Ho|#g o] g3}
%t

Fig. 4 ACEY AMto= oteo] Wi o &
Xo] W& agisolE9 amhEE JeEHUT 1
719t 71202 1000K~1500K Alolola= bt
g0 2% Asd(reaction rate controlled
oxidation region)o]|A ¥t I oj¥fo] uAdlET R
AT E FABA} 1500K~3500K oA &
Abe] o9t Ak} & (diffusion controlled oxidation
region)°) i F-AH4l 2wig] B o] 0.170] HH
ZNEgez AU 3500k o)AAME g
2] <3 (sublimation)’} Yojute FFoZ HNa¥
A (19 F 4 Aek 2 179U W
JgolEx ¢l o EHLE7F o 4000K
& 2a8tx @A ¢do] Frtyol uel <%
o] 2|% Abvl7]T(ablation mechanism)®] A7} &
27} w7) o] EHLEE 4000K ooz A
s% T Ao

Table 1 ATJ graphite thermophysical data."®

Density 1.73 g/ om®
Tcm});}']nMe SpeE:.i]fic heat coig:zi‘:li ty
&K] [W/mK]

300 0.71 110
500 1.1 93
1000 1.7 59
1500 2.0 39
2000 2.1 28
2500 2.1 26
3000 2.2 31
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Fig. 4 Dimensionless ablation rate for graphite,

full equilibrium thermochemical solution.

Table 2 Trajectory boundary layer edge condition
data for SEB calculation."”

Recovery | Radiant |Heat transfer
Time |Pressure enthalpy | heat flux | conductance

[sec] | [kPa] | [MIkg) |[ MW m*]| [ ka/m’s]
30 | 2077 | 9297 | 039 0.0342
60 | 27.86 | 86.87 | 521 0.0639
90 | 2229 | 69.83 | 232 0.0586

120 | 20.36 57.29 0.821 0.0488
180 | 14.39 | 40.51 0.012 0.0439

220 | 12.56 | 32.78 0.0 0.0244
300 | 7.19 22,78 0.0 0.0146
340 | 4.86 20.16 0.0 0.0098
380 | 3.85 18.35 0.0 0.0049

ol ¥ A=A AIEY 15 FoA HY
A2 Azt W@ FHYX& Table 29 &
o] A 83t Henline"’2] Aute} vm3igict. o
719 4 (173 o] AtvlA & (ablation product)
9] B& 3% SHblowing effect) 715 A& 0242 3
82 Fig. S EALES wWog e
werm Ha 3240k7F HATE Alghe] Aol
2 mAk e Ao]7t JE& & ¢ AedH, ot ¥
Mol Algd aHimolES] EAAXIF vlauRl
FHE-FHES thad ¢ 917] W&old}h Fig sb)=
atelzh dolgol wel 3E (récession)dHs EH 2
Ax@  Jehlen, 380zoAMiE YHEERE
0.107 cm3 o] g HW o] AAFH )

4000

g 3000

g 2000 i

[~

g 1000 Prassnt work with graphite

(O Henline(18) with oarbon-oarbon
° A ; A
0 100 200 300 400

Flight Time (seconds)

(a) Surface temperature histories

1.0 ¥ ~ L

FPresent work with graphite
Henline(18) with carbon-carbon ]

08 O

oar

Recosclen (cm)

0.4

oo W
Q
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(b) Surface recession histories

Fig. 8 Comparison of present work with Henline's
results"® for ATJ graphite.

52 ®WA(Charring) ME 2 AtO}

#5& YAe JE-Awde FEHZYL
HIEYE 2007 21)& F=EGo9 22} Table
3% Table 4¢ ‘e W37t #2884
Be A%7|3ow ((53.1%), H(12.8%), 0(34.1%)
2 #9312, £ Cc100%)# A4t f®
HrkA 9 %9 HWFORE H, C, Ny CO,
CH, O, 03, CHN, CN, CHi, C;Ni, Ha CoH, Cy,
CH, Gy, CH, C($33)% ZAPA) Fig. 6&
#¥ol 02757194 o, A (10)A % #Ho] Fab
4 72 R By o gt REo mi Bxig
v B & YERY FuEH (159 A
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Table 3 Carbon-phenolic(one component model)
thermochemical and physical data.?®

Initial density o, 1.30 g/cm®
Residual density o 0.77 g/ cm®
Reaction order y 2
Pre-exponential term B l.1e+4 gec ™!
E/R l.let4 K
Temperature|  Specific heat w};g;’:gﬂ
[x] [/gK] R
Virgin | Char | Virgin | Char
300 0.96 1.1 0.65 0.54
500 1.5 1.7 0.83 0.69
1000 1.8 2.0 1.2 1.1
1500 2.0 2.0 1.7 1.5
2000 2.1 2.1 2.1 1.8
2500 2.3 2.1 2.5 22
3000 2.5 2.1 3.0 2.6

Table 4 Carbon-phenolic(two component model)
thermochemical and physical data.?"
o | A B
Initlal density p . [ g/om’] 0.973 | 0.324
Residual density oo [g/cem®] | 0519 | 0.0

Reaction order y 3 3
B; [ sec™!] 4.48¢+9 | 1.4et+4
E;/R [K] 2.04e+4 (8.56e+3
Temperature Spociflc heat coggﬁgﬁslny
K s [W/nk]
Virgin | Char | Virgin | Char
300 0.88 0.88 1.2 1.4
500 1.5 1.7 13 1.7
1000 2.0 2.0 1.4 2.7
1500 2.0 2.0 1.4 4.6
2000 2.1 2.1 1.4 7.1
2500 2.1 2.1 1.4 10.0
3000 2.1 2.1 1.4 14.0

o} & X@ V)M Fig 449} go] g
ok grof] ouk Abldd e BAgtn Walbel 2 ¢
Mg el e e wdvhEd 0172 A8
Ak BHY sHddoA B o] AT W, B
o] & A& 7k27t Wol AR A& Ed
I R AR ZtA L WA Wby &
of B'o] 32 ol v EHLEE Wl
Table 29t Z& WRYZAE o8 Fig. 7(a)<t
o) FA(resinye] EHEYe] ul@ AbalAe] F

e e me =T
" A

0
0

1000 2000
Temperature (K)

4000

Fig. 6 Dimensionless char ablation rate for carbon-
phenolic at 0.275atm.

Sertace Tessperamtre (K)

Recession (cm)

Fig. 7

— — 1 Component Model

1000 2 Component Modal
° () Henline (15)
o A L 1
0 100 200 300

Flight Time (seconds)

(a) Surface temperature histories

400

o8

06

0.4

0.2

— — 1 Component Model

2 Component Model
(@] Heniine (18)

A .
To 100 200 200

Flight Tlna (Seconds)

(b) Surface recession histories

Comparison of present work with Henline's
results"? for carbon-phenolic,
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2 A5 A g AL EHAAN 3.05em ol
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PR A mEWde Ay A Au7t ¢
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using boundary layer edge condition as Table 2.
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Fig. 10 Prediction of thermal response and ablation for different specific heats
using boundary layer edge condition as Table 2.
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