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Establishment of Coupled Governing Equations in the Carbonization

Process of Thermoset Resins

SU Xiaohu LIANG Wei
(School of Aeronautic Science and Engineering, Beihang University, Beijing 100191)

Abstract The carbonization of resins owns a very complicated with physically and chemically phenomenon, in-
volving heat and mass transfer, stress and strain generation and pyrolysis. The transient governing equations of cou-
pled thermo-hydro-mechanical process are theoretically derived based on physical conservation, namely equations for
resins deformation, gas flow and energy conservation. Analysis of coupling interaction of the multi-physics are carried

on. And some suggestions are proposed for further study.

Key words

0 55

C/C EAMRLEA — R 50 H Al A R ET JC 3% L
R AMRE D S, FERT R TR B L RAIL | e 3] 4 5 4
BRI Z R Y R T E A, C/C
A ARMUSUN, FI7E— BERRIR U, SR M Bt X C/
C E A PR R MR 2 |yl 7= JE I AR A
PEAAEAS A EL L, T B AR T A T et
s i AR A s e M RE R B e 2

TE C/C A MBI A =1l B op ) o A 2 B 11
—NIAY . AR B BE B SS R AR N
FRARVEN C/C EAMAEIIRE, X E— 10K 5t
I FE W KB 2 M i 2R A 5, dE i AR
H AL TRAL A = A SR AR I T AR B I 7= 1 DL

Wk H 1 .2015-04-15

C/C composites, Resins, Carbonization, Coupled multiphysics, Governing equations

WSR2 | ELAE RS LR R HAD HEREAT AR R
SN PR Ik R R I 73 A e 265 A L FRAT A e Al
AR AT AR Y

Lovell 5170 B M\ f 27 £ FERIFIE 1 A HEA i 114
2ER i 5 12 . Sandhu %M S H T — R AL
7 AT B 2 A o e v 2K T B9 30 g 2 R e b
SRS, Nam 55071 25 B AL i O R4S 2 1A
RERRIT RS E B J12F . Aoki B UK I g 1 AR 1) 7=
AL AL DAl 2 e B b DADFFE AR Al ad e
RIS IR, Kim 2 255 25 18 T AL PR L &%
LSRRG B T — AR TR SR AR B R
TR B W MBI A C R

ARSCAEFT LR L, %5 8 SEBR AR AR 750K, HE

VEBE T 95 /NE 1980 4 Ak Bt E TN C/C B A MR TAE, E-mail : mikesue@ 163. com

FRAELTZ http: // www. yhelgy. com

2015 4% 555



Sk — 20 7% e 2 Y R 7 e AT SRR T fig
AT RRZH o ph T AT PR A i AS B BAT 2% 0] W] M 04 )
FRPERE, PRI T 1] A e S ot B, AR B i 1 A i
FEM G AT B Ak I R T 7 R A
1 BRES

MR Gt Bl a7 8 | o <7 15 R RE 5 <7 JE g 1
BTN NETE M 2 LA B S R B AT HE S
SCH AR IR IE
1.1 TRIGEHFRE
1.1.1 BREA

Terzaghi £ 480 77 Jit BN by [ AH B A2 1 32 22 A8
TS B A RN ] FLBR AR R ) R B A AR
SIRRREN A A AT .

o; =0 +apd; (1)

X, o ARk, o NARON kR, o, 9 Biot
FH, p MALBRET) 6,4 Kronecker £§5-,
1.1.2 HFORERHXER

A BB Bl [ AFAZ B /NS | SR A ik Jo
IR R 4% ) (] | 25 JE RSO0 VR T, A R ) -
VRN ISP

2Gv

a’ij = 2080 + mgkkaij _ K,a,TTSij (2)

X e, WK G HBTDIRCE ) o HTARALL, &,
RENAE, KRB AR o, HIRIK RS, T
1.1.3 JL{AARE

HR A BB 4/ N T A, JLRT R

842%(%,/ +u; ;) (3)
&, =&, =6, +te +e&, (4)
X, w, BRI, &, HIRNAE,
1.1.4 BOFEEHE
2 W AGY P T PR S T S L V- O A
o, +f=0 (5)

Aof g ORI (LA SR KRB, £ =
(0,0,0,0)" Jp, =p, + (1 -9)p., ¢ WA
LB p, o, 53 & MR S B 2R B

B () WAR (1) R AR(2) , BT 5
AT

G o,
Gu, +] - 2yuf’fi +fi - P, - Ka,'T, =0(6)
(6) SUAHE IR i R ST
1 -v
1 -2v

26Vie, —a, V’P - K'a, ' V’T +f,, =0

(7)

A, VRS ET R

(7) BRI B 4 & 2837, 2 05 — 1ifk
BB AR R RS T, Ze 5 = AR T R
AR R T
1.2 ERpEsHE

A B T 5 B HE T AR T o S
AR VY E A
1.2.1 ZEAEER

HAERE A A ALRS B, RIS i 2R A Ok i
w, FVRRIDLREL R A, , AHRE L A PR A B BRI o,
Fio, HILEAIRTERER o,

v, =0, — v, (8)

o, T s 1 g 43 500 2 [ 1A R M i) 2, AR Al
Dupuit—Forchheimer[ls] KR, BIREE N ov L, Bl

K

@, =—;VP 9)
K, K HBIER u, R,
1.2.2 EZENAFE
2 ST R D) e AR ) S D AR
E)
Wot) o v (perp=0,  (10)
o I Q, AU R AR
F(8) i A L, I RIS
op P o, .
Py TP TV (pr) +p0 Ve, (11)
+v, - Vpo =0,
W2 /NI v, - VAR
9
pg%f + @% + V- (p,ov,) +p,p V-v, =0,
(12)
FAl b, BB AR E S T RN
(1l —@)p.
W=D v (1= pn) =0, (13)
Ao, B Q AR IR R A H Q =- 0,
JEIF b UA
N "R
(I-¢) 2 -p. o v+ (L =—@)p Vev + (14)
v, - VL1 -e)p.] =0,
W E/NEI Y -V ST p L/ p T
Py P, Op _ vy = Pe
(I -¢) o, o Pra + (1L -¢)p, V-, —pst
(15)
=X (12) T (15) A, 45 BB ) 2L 7 72
R
FHME T A http : // www. yhelgy. com 2015 4F 5



9P, ps% . ey = % (l—qo)pg% % . _
¢t (1 -¢) T + Ve (pov,) +p, Vv, = s 0. 5 TPy +V-(pev,)= Q. (17)
(1 &)Q 1.2.3 RK&EFE
p. SRR T BT & BRI 2, 1D
16 M,
; ) Ps =pRT (18)
LI _ 9y, -9 _ 9%,
R HRI V- 0= 2 (Vew) =5 () =35 g ROWSUARRAR, M, T AR i
% BRRET > 2l16)
PR - S O e
_ t ’ _ !
pS:pso(l+pr0—3aTs(T—T0) e’ = ot) (19)

(1 - ¢)3K,

oo MR K P NR B AR ; o), I IESE IR ML o B RN T o K AR B I Ta] R

5, B

(1-@)dp. K 1
p. o

K'] ap [
—1-e -2 F-3[1 - _
Ks ot + KS [] ®» KS it (1 gD)aTS KS()L T a1

Ky 12t (20)

R Pa R AOIRZS 7 R LR 1 (A% 8 4 S 80 AR

PM{ K 9, 1 K'\ ap_
RT _Kiit-‘-Ki(l_ —K)a* 3[(1—€0)ar
R

!
v

2. 3,1
pe, == = 3p (1 - @)ay K

Ao S5 A0 1 T B SRR N AR (R AR AR X B T Y
S5 2 Tk A IR B T S 5 3 RN £ 4
TG NIEB 0, 4554 vt R PRI
1.3 EEHIEHAR

TRV S ) 5 R ) 4 5 T2 R S T AL A A
P, BRI SR F R —2s | AR AT AR
] B Il 2 e i, PRI B R RN AR A g i~
T3 L,
1.3.1 XFE#&

aT
T Ve (0, D) (), Ve (T1,) + g5,

e(pc,)

(23)
A, (pe,), HRERIILEIES A, W UEM G T R
$,q, ARARBIIRITSRFE

1.3.2 XFER, ZEXRI
oT
(I =¢)(pe,). 5 = (1 =) V- (A, VT) + (1 - ¢)qg.

(24)
X, (pe, ), IRBR 2R A A, N B ARE S R
B, q. AR R L
XoF T BRI, (B SRR M =2 ] A S Ak T A
PR, PR 2 (23 ) FnsX (24) A0, I [ 44
(75 PR BE A AN, BT A5 2 e FE <P e 7 1, IR

FA BT 2 http ; // www. yhelgy. com 2015 4F 5

3W42}+

K oT p K’ ap K >,
—_ ,,, o e —_ _— 7—7V =
* af’[”[{fl ¢ KS>]at w P

K

w ap p w 881} p w
= — — -V (——Vp) =
( RT p, r) 0,

RT ot = RT o

(21)

RTQ,
N (22)

aT
(pe,), —

o =A, VT - (pcp)gV- (Tvg) - (1 -

de,
¢)TK' a; o Tt

(25)
Hrr,
(pe,), =¢ (pc,), + (1 —¢) (pc,),
A =@A, + (1 —@)A,
o, ST A 1 BRI T IRE ARG R 1 A
RN RE I AE AL, 555 A o s 1 3 f % S5 R I Y
AeAsfb 56 2 Wil TR G R N EEAR L, 5 3 T
SRR AR AR AL S R A AR PR, ¢, b A
T5 0 g, AAMAE
FRE(6) . (22) F1(25) WitesRK i u, . p A1 T 195
BT,
2 [A@ERKER
2.1 HR&EH
(1) 52 i LR BRS BE u®(0) ol o = (a,
y,z) 3
(2) ST L RITE S (2 ,0)

(3) 452 BLHT AR 1°Cx 1) | sk BT
2.2 1MAKHE



BRS04 DX B R ) RN BE B iR
f u(x,0) . p(x,0)  T(x,0) .

A TR G S A RE Xy B 2H AT oK
fitt KA p (T, o PTRIHISEHARN S & TS
A R N ) 43 A oy o AT DA S IR N 1
LB 55 s g R R N 1) ) 22 Ak 3 e 8 P E R
BB,

o T % PR R AR Lt , R Rk A AT g
13 2 AT A, — T 2 B Y O vk 0 ik A7 3R
fi## o
3 HHpFEiY

W PRSI, dE T DM R R R
i s Ak I R P AR - - TS S O B iR, 3
X T SEBR RN IR A AR AN

(1) A SR T AR JAR A By 3 T T 4%
][Rl MR BT, TXE C/C SRR A 38 75 7% 1
TR ET 2 2H 73 A 52

(2)TESEPRIY C/C MBI BAL I FE T, — %
ta B[] pARp s A B SRS U 2 e
SRR SRS 5

(3) tEpAk S RE v, LB AR 29, I hm Lxs L
BUESIOTTE, 5 AW R T2 N2, DLARA 5 RN
I3 ARIFFRAR LT, WFFE R B BE ;

() ASCEE RIS S, B W LB N
2%, LA 2 i — 2D X R A T BIE

Stk

[1] Schmidt D L, Davidson K E, Theibert L S. Unique ap-
plications of carbon—carbon composite materials[ J]. SAMPE J,
1999,35(3) :27-39

[2] FLi B0, ROL TR, 55, R C/C BEEMBN A
JEELAR (1], FHAET.20,2014,44(1) :16-23

[3] Matzinos P D, Patrick ] W, Walker A. The void struc-
ture of 2-D C/C preforms and composites: effect of the nature of
the matrix precursor coal-tar pitch [ J]. Carbon,1997,35(4):
507-513

[4] Jortner J. Microstructure of cloth-reinforced carbon-car-

bon laminates [ J]. Carbon,1992,30(2) :153-163

[5] Lovell A B, Brezinsky K, Glassman I. The gas phase
pyrolysis of phenol [J]. Int. J Chem. Kinet. , 1989,21.547 -
560

[6] Sullivan E A. Thermal degradation of epoxy novolac -
phenol formaldehyde novolac resinsystems [ J]. J Appl. Polym.
Sci. ,1991,42.1815-1827

[7] Sandhu S S. An empirical intrinsic chemical kinetic
model for the carbon/carbon composite pyrolysis process [J]. J
Mater. Sci. Lett. , 1996,15:203-204

[8] Pektas I.
phenolic insulator [ J]. J Appl. Polym . Sci., 1998,68 ;1337 -
1342

High-temperature degradation of reinforced

[9] Nam J, Seferis J C. Generalized composite degradation
kinetics for polymeric systems under isothermal and nonisothermal
conditions [J]. J. Polym. Sci. B, 1992,30.:455-463

[10] Nam J, Seferis J C. A composite methodology for mul-
tistage degradation of polymers [ J]. J Polym. Sci. B, 1991,29:
601-608

[11] Nam J, Seferis J C. Initial polymer degradation as a
process in the manufacture of carbon/carbon composites [ J].
Carbon,1992,30(5) :751-761

[12] Aoki H, Ueda A, Goto K, et al. An estimation of
thermal stress within the coal briquette during carbonization [ J].
ISIJ Int. , 1995,35(2) :121-126

[13] Aoki H, Ueno A, Miura T. Thermal stress analysis
considering effects of pyrolytic gas flow in lump coke [J]. Ka-
gaku Kogaku Ronbunshu, 1994,20(1) :89-96

[14] Kim J, Lee W, Lafdi K. Numerical modeling of the
carbonization process in the manufacture of carbon/carbon com-
posites [ J]. Carbon,2003,41.:2625-2634

[15] Strack O D L. A dupuit-forchheimer model for three-
dimensional flow with variable density [ J]. Water Resoure Res. ,
1995,31(12) :3007-17

[16] FLEEF. M B W= M]. S b E RO
iRkt , 2010683

I

(REE T 3R)

FHIAEL T 2 http // www. yhelgy. com 2015 4F 5 8



	201505组版

