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Evaluation of Heat Resistance of Lyocell-based Carbon/Phenolic for Aerospace
Sang-Kyu Seo', Yun-Chul Kim? Ji-Yeul Bae’, Hee-Chul Hahm* and Tae-Kyung Hwang’

Agency for Defense Development

ABSTRACT

Heat resistance performance evaluation and thermal analysis were performed to confirm the
applicability of the lyocell-based carbon/phenolic composite material for heat-resistant parts for
aerospace. Heat resistance performance evaluation of carbon/phenolic was conducted by
Thermal Protection Evaluation Motor (TPEM). In this paper, boundary layer integration code
considering the boundary layer analysis of combustion gas and MSC-Marc 2018 considering
ablation and thermal pyrolysis were used for the thermal analysis. The ablation and thermal
insulation performance were analyzed by the pressure curve of test motor and the cut
carbon/phenolic specimens. The thermal response of the lyocell-based carbon/phenolic material
was similar to that of the rayon-based carbon/phenolic material. Based on the results through
the combustion test, the applicability of heat-resistant parts for aerospace to which domestic
lyocell-based carbon fibers were applied was confirmed.
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. A B
g2/dEY YWdAse FFeF FA7HE U
dAEE FE AEHIL At 1A FI17]3(Solid

Rocket Motor) =& W¥ HF2 BAFAQ] &4 F
Eo| #H&=5 A (Phenolic resin)7} HH7 3}(B-stage) ‘&
HE F3eE zZgZY(Prepreg)s 4
S5 (~150°C) ¢t 4= (~1000 psi) =3
Az ga/dsddd AHgEe A8 ZEota
dZYEY (Polyarcry lonitrile, ©]3} PAN)Al &4
2530 vty FAAH dddsol ¢
2 Q 2 (Cellulose) Al &4 ZEo] AgH T}
AL da Al AHREHE FAL EFAE] A5
e AE FBAA FFE 2 (Residual Stress)ell <]
Delamination) 2 3}o]

A ek
ft
o

g SE2( dojg + glexm
2 a4 AEe] A4 AesAete] AW HAA
o] ml¢ Faslith AEZ 1A vBAHRFE ol
(Rayon) =+ ] 24 (Lyocell) & # 4] (Precursor)
e A2 EAgste] Add  dn doleA &
2= 93 =% (Thermal conductivity)”} PAN A
gl vlalste] oy Wd g gd 543
HzFAoke] A H2Ao] 8t 5 B A
fo2 AEEI Y Fig. 12 ol AH AR
SEEE UehiH, AAZ dzo rHEdad &9

—

NaOH)& A (Steeping)dte] &7le|dEZ o~ W
ZH(Alkaline recovery)e] dojuH, oje] o]Z3s}ekA
CS)E WHEAIA AA4FE| ©] E(Xanthation) 2 ¥HETE

—~

TS0zl FAHH Ol Ed] Mg AT Ao R AT
F olg wEE B9 ¢F, SUAA HHE AN
oH3]. olul LIl AEZ e~ W3 A, FiEHE
HE g 53 2L 535 FAAA S st
= freld Edo] BAHET o]y o] FE AAZF S
e __fecovery _
Dilute NaOH _'
. ZnSO; _
|
—_—
-~ Alkaline
s

Zn containing S containing &
wasle other wastes

Fig. 1. Viscose rayon manufacturing flow chart [1]
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Fig. 2. Closed loop manufacturing flow chart of
lyocell fiber [2]

2 Ao Zafa jlon, Syl Aol &
AT dol Af AFA FAHZHQA ZAE S
Eat7] A% it F sturh A dirzel o
AelH, Fig. 2& A HAF A2 555 E}
Wt Fig. 20014 HE2o] &5zl A& 7
i, AA &mi(Solution)o] Zole WHOE AHF{7t
AZEo] ZRHOZ Az AA F 3] EE A
o] fITH3].

geodAd dfre I ARt 71sel AA Ha
o2 fol2A ga4FE AT d7A4 =22
AT77E Bol Holstth o3 @A HR] A= <
a Ax=molAx #ol2A 7Ivk A FE gl
A 24/ 2 dAste = 77 JPHIL JTH4].
2 dFAAs FlollA RS oA g/
=9 SFAEB6]e HE ds B7E TSRS
o, dol2A d&/dsd EFAst WE Hse
Bl 3k th. TPEM10 3 TPEM16 W <E/3%5% 7} H
(Thermal Protection Evaluation Motor, ©|3} TPEM)
of 282 &4&/H=Y HFAYAN (Throat insert) F-3&
< ARt da AP FYEReH, v 9 &
TS X ke s S

i,
iz o

. 2l24A &= 7|

=

et /5 = 2

g oA ZYPAME o] &3 Bo/H=EY A
A& Fig. 33 2o7]. glAA ZYAAE o] &3}
of &2 AES A feiAe AET 1 &
2] (Heat treatment) #7go] Y3ty &4 AES
Azstr] 97 dAE AHFL A A A E(Pre-
treatment) ¥ U ¢ 3}(Stabilization), ®3}(Carboniza-
tion), & A3HGraphitization) A2 o] Fojxt 1
< AP EREH dojz goAdA g4 AE dH=
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Fig. 3. Manufacturing process of lyocell-based
carbon/phenolic

L s

Fig. 4. Carbon/Phenolic Throat Insert

FAE 9F 35~40 Vol.% THAA w33 e =z
gzds Azstdt Adtd zy=za s HF5 & 3
o]= 2 I ¥ o] B(Hydroclave) AHIZE Zslste] W<
AeH7IRE ] Ba/dsd E4AJAE AZSEAh
Fig. 4= Z|AA @34E=2 Azd TPEM10%
TPEM16 =E ¢ Z4¢lAith. TPEM10 2E 49 A
of A8H" &4 HEL 8u] FAH(8 stain) o2 A F
H1 AE FAE 024 mmolgl e, TPEM16 RE
EAAA o AHEgH ga AES 2/2 5F(2/2 twill)
o2 AAFHI, AE FAE 055 mm FFEOIUTH
714 YA wa/HlEYe] Blw thAel gole
A &4 AEL 2/2 FASE AAHIL I FAE
0.45 mm ~ 0.65 mm FF°|UT}.

e M=

o

08l

7t

. gta/m =g

31 HEHdsHIIEE

geodd gi/dsy EFAs] WHE HAse
gelstr] Hal WeEdsH7HEE < TPEM(Thermal
Protection Evaluation Motor)< ©]-&3}3tt. Fig. 5+
TPEM10¥} TPEMl6 ®¥ #4-S uvehia, I A4
2 Table 13 ZTH8,9]. WE 452 =¥ EY(Stack
molding) FHeol AEH1 Bi4/HEy Zgxdo

(a) TPEM10

)

i

)

(b) TPEM16

Fig. 5. Thermal Protection Evaluation Motor

2 A& TPEM 54949 daAd F Iukg(2t
A, £ Aol) EAS Fdst HbE 4 Ak
TPEM10 EE oA B2 624 psia, LA
14 seco|l™, TPEM16 EE oA H¢#-2 840 psia,
AARAZEE 11 secolth. B AFdA = Tl A
A B oA B TN ga/HEd SR
ol yE A &L A FE¢-FE HEARRE F
2 AEEE FU o)A gaaF 7 '/
Hz=e EdAEe o Hlwsta

Table 1. Specification of TPEM10 and TPEM16

TPEM10
Nozzle Throat .Internal Motor Diameter
. Diameter of
Diameter i x Length
(mm) Nozzle Exit (mm)
(mm)
® 16.5 ® 66.2 2746 x 4882
TPEM16
Nozzle Throat 'Internal Motor Diameter
. Diameter of
Diameter i x Length
Nozzle Exit
(mm) (mm)
(mm)
® 378 ® 69.0 503.2 x 664.8
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32 WEAMSHIIRE HEtS o4 Mg g X vEggae 1o §% =4
S Agsle =F FAREH AAZ/A HEst] A
Ga/AEY UdAEe] 9us vuE Addr o oo T BASTA sl
9% 4 Utk o8 ALHE LBF ABPA

Wad5H7IEE e bdAd gleo] Fesith A4 -
- 5 oA A& Eq. 13} Eq. 29 2ol Fejdnh

AE A ebAA Sele 93] yaA s duke )

e [11]. 9714 pE Ax7t2x BR, oS vE 47 2%

Mg FRSA Bk wEe LA D e - ' 5
B s R Y B, 0= 5% A, me A
(1) =5 HolAel AAxH 4474 2 WF dwd o s '
G EUNAAS, BE £5F AAF ALY
Aoz FAHALD B AFgAE 24 w= %99 e R , BT & Eh &
N _ Xl & A, J& A A8, ¢, dEd F
iade AlTE AT JdES T A4=E #s K r T T
Agstgon, i dwhs 4S8 4 (Finite A, St ZEIE —’F(Stanton number), By °|UA
Element) Z27#¢ Marc-ATAS 20189 9 =E AAZE AEPAH A EE A, A ex= Zo
(Thermal module)d o] &3t A4S Fysiu. e, A B= 2% }*E UeRdTE A Fol A
S AR oUx ARPYHOZRY T

Fig. 6= TPEM103} TPEM169] #3248 wdS
LERd T

321 2H HA=A

2 AFoMes dFddd AFE AAF AEH
& Z&ste &St o, AAS AE HHe A
z 42 343 WslEs AEsEA] gix o
W AAGE 4T 5 Ak gEgA ALt £FE 9
= F do] I & HAzFAA A dE] &85
o gkoH10]. BAS o A& vEYAL, &5F

W Structural steel
W Carbon/Phenclic-Chop
M Carbon/Phenolic-Stack(Throat Insert)
W Graphite
Silica/Phenolic
W Glass/Epoxy
EPDM Rubber
M Liner Rubber

(a) TPEM10

W Structural steel
Carbon/Phenolic-Chop
m Carbon/Phenclic-Stack(Throat Insert)
m Carbon/Phenolic-Stack(Exit)
W Silica/Phenolic
Glass/Epoxy
B EPDM Rubber

(b) TPEM16
Fig. 6. FEM model

g F e 2EHE FERH 44%5 2 i8S
ATE AsAT. 24 =44 H=E 2,000 K
~3,000 K o, B dAFolAs 2,500 Koz 44
3FATH12].
olu wZ9] 5_01 %591 7:‘7111z 24%01] o3
Z ]

= vepd 9,12111 U}o}”‘ %C 8l 48 Eq.
3~59F ZTH13]. 471 A= Ao XA =
9z, 4,5 =55 dUE, w2 viekE, s da
7k WgH, T &%, Pe 4E A%
, 0 Aad YAE
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(v=1) L\ o1 b= —Pemi0 | "
P=P0(1+VTA/[2) o ©) B - —o— TPEM16
0.115 | R . _'._“_"_~_—-__‘_._-__ - 1 4000
ga/dEy Age EW Awhs 24 LFHE “»
SEFH o JIAH Atutel Ahvisel sty E s
A o3 sety 2tz 1w 5 Qov, B ogde 5 3
Ae 3tstA 2Atopvte a1y sty T s Abnpgk o 0.105 |- 12000 §
arbzo] Z3E N84 BAY LR 29 @ - L
&7F WrgEte] EHo] An HE AL ofnEid, wk . :
&2 Eq. 63 Eq. 73 ZTH14]. P | | L o
0.10 0.05 0.00 005
CS+COQG - 200(; (6) Position(m)
Fig. 7. Distribution of combustion gas properties
C*+ H,0° — CO%+HY 7
’ ’ D 00 uw wus W
318 A BF-& o] 2k £T = 3lElekE A2 - “ =
ﬂﬂéngﬁ]ﬂa ”;i e e ;f‘; /e 99 RARE LD $5PA 0
’ =@ TH Y TN o Aeeas arsen 9w las wdos
e e e o AL et ded wgel Yo Beasi s
¢ QE7ERS NS, pu AR EUEE, WS & we ga0) wyse], of§ obelu$-2(Arhenius)
j" }%/]é ]_pj-WmiI,e“% ?i_/tﬂ/\-ji% A, Bmi Nog mEY & £ QUH17]. ©i/HEge] Un
Aavtse] ASELAE, 7,5 EWLE, hE EW W58 Bq 99 2ol 1wE BET 5 . o7
ks A, pE EW 9N BASIUA, P 4, = Uy GRs) e 2Ry UE, =
A5 EeASl Qs YHE VR B 89y gbgs ama geel @ U, b A
A B0l mHol| e §8t7 2tuls o U 4
o= e 2 oo Fee] 2R 9%, e WF R A, E=
= T . _ _
” R QR 48, Re duAdE, T
VW,oxi = ‘%E% 1/]'5]"{“_1:]—
ap . E
a 1 1 Mo\ 2 = ( p )Bexp(——d )¢ ©)
B Yawpm‘,w(m)xw [“” My, J] T @ ot RT
[1+9( Mc ) } where ¢ = pf;p_pic
mix,e psﬁv_ ps c
where = Sa/Hse Am e oyAAEAS Eq. 102
W RT. T = w29 + Acks] 1 (e )f e HE 987,
¢, P, KM, ¢y BEF k2o MY, ME FE GAHEER, A2
1 2 AE e AEE, A& e AEE,
(e 2 I 499 Qs )& @ Ia s
miz,e Pass B 7t2e We, Qv HeFAY &9 F
F Gukg A5 2 BAFUAE Table 29k 7 AT FLE, xE AT AF 23 M8, §F
o} oolw B3I Aivlrel md, AstxEEde CEA  EEd AEE UEhdth B AFdA H8E g/
Z2A[16]S B3 B F don, BxE Fig 7 EH € S4E Table 37} Table 49} 2.

Table 2. Chemical reaction constant

Material , .
Constant Graphite | Carbon/Phenolic
ks
45 x 10° 6.6 x 10°
[(kg/m/s) - K/(kgf/lcm?)]
E . .
[J/moll 1.717 x 10 1.717 x 10

i—@&
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Table 3. Material Properties of Carbon/Phenolic [18]

Temp. . k, laminar k, Iaminar
© | uka 0 [ T | im0
50 750 0.99 1.77
200 1,120 1.09 2.09
600 1,700 1.08 2.80
1,000 1,920 1.52 3.19
1,800 2,070 2.33 4.41

2,400 2,130 3.75 8.03

Table 4. Properties of Carbon/Phenolic pyrolysis
gas [18]
R|= pé: 7l ca Qpa B, E,
(kg - K) kg - K| (JkgB) | [1/secl | [J/moll
416 2,094 | 25x10° | 1.1 x10° | 7.55 x 10*

55558855888

[Throat insert
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(a) Temperature distribution

Temp.(K)
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Throat insert

-

(a) Temperature distribution
Fig. 9. FEM Results of Thermal Response of TPEM-16

1L

WEASH7IEH S WEA Evks M
2 &4 ==Y MSC Marc 2018 #4 <&
5.9 (Streamline pyrolysis model)< &-83tATt
A dEd 2de ga/HsgHdA 2585 A T
Aste didl kv AR W Tl BAEA Fa
2 BEETy 7HgSoH19]. 2A Aot qbgol o}
& #tase] 7sistA wiste 2EdHA 2w
(Stretch Remeshing) 7I'H& o83t T
Fig. 83} Fig. 9% TPEM103% TPEM16 R E oA ¢ &
g A AdE yEbdSh 10 1A § EEAA H
o+ 2l 5= 9F 029 mm/s, £ Zole <F 51
mmZ FEHYSH, 1691 F EEoA HF 2bnf
45+ 9F 033 mm/s, £ Zole & 49 mm=E o=
Hdv &%, Ant T, = Zold wigk a4 A3
£ 539 TPEM10%} TPEM16 EE Q| A4 F kA
qE Flstd

Iv. Z3 ¥ EE

oA ga/dAEdel yd A FAe 93
dol2A wa/dHEdr du vnE FYPsAT

Char val
™

]
Throat insert
"
: -

(b) Char distribution
Fig. 8. FEM Results of Thermal Response of TPEM-10

Char val.
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(b) Char distribution
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t Lyocell-based Carbon/Phenolic
09 F —o— Rayon-based Carbon/Phenolic

g 0.7 N
g 08 5 -
% 05 “—E\n\
204 =
E 0.3 Bishe. ¥ -
(=
0.2 1
! 1
0.1 1\
ook I I L . SO |
02 0.4 06 08 10
Time(normalized)
(a) TPEM10
1.0
AT —— Lyocell-based Carbon/Phenolic
09 b7 iy —— Rayon-based Carbon/Phenolic
08 -{ \.\
= | N
E 07 f \\_\
ﬁ 06 E | \'\\
E i N
S’ 05 "'\_\
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w
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o
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00 fA—m— S NS W F——— )
0.0 02 04 06 08 1.0
Time(nomalized)
(b) TPEM16

Fig. 10. Chamber Pressure-Time curve

Fig. 10> TPEM10%} TPEM16 =E9] Aad 42 —
AN AEE Jepith daAzto] At wheh ¢
go] drolAH, ol EHEAYA AR dd =
270l AAEBRE Yehude ddolth &, oY

< B3t Ud 45 37t AsR ga/HEY 5
AgAel Ant EAS A 4 QT Table 5&
TPEM103} TPEMI16 F317]13% A5 23S vepdt.
TPEM10° A 2ledA Ba/dAl=dd 8 A F3
718 A5 golA v4/dAse F& A F7|H
o] Ay Aol 24 psig, UE A3 2ol 09
psig/sec, & A2AZE FHol= 0.1 secelth. Hi
4E, &Y AHstE, & AaAZ Zole HolA
ga/HA=8 71E 47 22%, 1.7%, 0.7% FFEO=
A4 F FAE WA S UERA ZleE #d
Hoh o714 bg 71€7]9 HAdge v £x9}
g, d4& 27 de gl va/HEYo]
S5 A4 AF 4F 71277t ol A v4i/dHE
go] A&H A4 APRT Fof Anp £x7t ¢ o
e Ao FHHATH A4 D)o EgEdFE o
AA da/dEge] FEH dih AFY o4F e
Z17F #olA ©4&/dEYe] H88 da AP

Table 5. Propulsion performance results

TPEM10
Pressure
decrease rate ‘
Max. Pressure | ((Max. Pressure Effective
[Psig] - Min. Pressure burning time
before tail off)/ [sec]
duration time)
[Pisg/sec]
Ray. Ray. Ray.
Ly. | Ray. Ly, Ly. | Ray. . Ly. | Ray. .
1098 | 1074 | -24 | -545|-536| 09 | 138 | 139 | 01
TPEM16
Pressure
decrease rate _
Max. Pressure | ((Max. Pressure Effective
[Psig] - Min. Pressure burning time
before tail off)/ [sec]
duration time)
[Pisg/sec]
Ray. Ray. Ray.
Ly. | Ray. . Ly. | Ray. . Ly. | Ray. .
1167 | 1163 | -4 | -772|-77.1| 01 10.7 | 10.7 | 00
4 V7B AR AEFE YERNo] d4& b

e geoAdA vBa/HEYe Ant £271 ¢ &
Ao 2 FIHEY. TPEMI6OIA & AA B4 /3HE
g3} oA g@i/HsY AL A FAU|He Hx
4™ zol= 4 psia, ¥ ASHE Aol 01 psig/
sec, & AaAZE 2ol 0.0 seco]th. TPEM169 A
°of Hx ¥, g AE, FE A2AL Aol=
dolA g@a/dH=Y 7€ 44 03%, 0.1%, 0.0%
TEo 2 TPEMI09] AHHG Avp £ S40] T
ARG Aoz ddEn. TPEMI10d] H4d 2l
A B4 AEH FolA g4 HES AR
g 2A, TPEM16°IA = L& 2/2 5302 AF
Ho] 2tul &5 E40] TPEMI0RET © {FARE 3
71# Aol et Ao FFdEn. F7H A
Axp SHoA A va/dHEYge vt 540
o] 24 ¢t FARE FEUS Sl

A& AE F AE Avp 5 Z48 98 &
HAzy EAYAE ddste] 2tat FA 9 £ o
248k Fig. 112 SFA4A (Throat Insert)e] &
AN ARzlelH, QQAE B 2wl &} £ Zo|e
Table 63} Table 73 ZT. TPEM10 A4 A& ol A
=EE A B Ant S5 foAdA g4/
=99 A9 025 mm/s, #o|2A Bi&/H =Y
7% 023 mm/s°o|th. TPEM16 4 AlgolH =&
= 91xe] Hi 4wt Yo wa/HEY

P>
~

i

2o L
=E=
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Lyocell

Lyocell

(b) TPEM16
Fig. 11. Throat insert after test

o] A% 031 mm/s, #Bo]2A Ba/dHAsdge FS
033 mm/sZ g 2AA /s Yt A
ol A da/d=gd FASIAS dAukgos 33
o 2l 55 goAdA gi/dHEgy gol2A
ga/H =82 FASIAT £ Zole TPEMI16 4t
AA WFE Guke Aol goAdA gi/dEYy
dol2A ®i/HEgo] fAEIHE oY, TPEM10 B
HoAdEs oA ei/dsgdos Yy du-go)
o APH} o]= TPEM10 =B A3 &=
g oAl g AFo FAVE dUHoR Al Al ZtE
o AfF FHE& S7t e A5 dAEE s
o2 Yehd @atoltk TPEM16 RE] A 89 e
AA AEL HolA AEH FYsA 2/2 AL
2 AR =] AEFAVE FARE FEol T

Table 6. Thermal reaction results of TPEM-10
Throat Insert

Ablation velocity (mm/s) | Char depth (mm)
i Ly. | Ray. | (Ray.-Ly.) | Ly. | Ray. | (Ray.-Ly.)
1 10.08 | 0.09 0.01 89| 73 -1.6
2 | 025|023 -0.02 90| 7.2 -1.8
3 1012 | 0.10 -0.02 73] 7.2 -0.1
4 1 0.03 | 0.02 -0.01 791 83 0.4
5 | 0.01 | 0.01 0.00 8.7 | 86 -0.1

Table 7. Thermal reaction results of TPEM-16
Throat Insert

Ablation velocity (mm/s) Char depth (mm)

P.

Ly. | Ray. | (Ray.-Ly.) | Ly. | Ray. | (Ray.-Ly.)

11020 | 022 0.02 6.3 | 6.0 -0.3

2 | 032|030 -0.02 6.0 6.0 0.0

3 1031033 0.02 6.6 | 59 -0.7

4 1009 | 0.11 0.02 65| 7.0 0.5

5 1 0.03 | 0.04 0.01 72| 77 0.5

V.Z &

4 gledA gAHR7 H48E ga/dHEY =
EE BE UE As H/E 1A F=R71#H da
ANEE B3t FP3Ath FIFT-TFELE ALEHE
g4 /dsgo] 488 WEALTH/IREHS 4E-AIZ
A, 2t 57 92 % Zol& E4sden, g
A &&/dlsg #HolA gax/dAEgd sl 4
O vk gloAdA gi&/dHsde] UE 452
gol 24 g©i&/HE5Y7 {FAS FEolden, &F

$Fg YA REOE Hgo| 5P BAFAL

W YAe 0T A% A J1e Zelzy
Az 7120 AAEE Fotel 2o wha/dEY
BgAze 3A 4718 2719 24 go] shA
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