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Abstract: On the basis of considesi
introduced into the classical 1\% hemical model. In addition, in consideration of th varying characteristics

e influence of resin flow on the curing temperature fi ,otée resin flow was

of material properties du ing process, the heat-fluid-solid multi-field str pled finite element model

was established. It can be found through the comparison with the referencescipy hé the effect of resin flow on the
temperature field is not considered, the maximum temperature differenc ‘ the thickness accuracy is higher,
and the model reliability is better. Based on the established heat-{luj @strongly coupled finite element model,
the curing process of composite structure with variable thicknes¢ was numerically simulated. It is found that
the obvious distribution gradient of temperature field, curin(% &'CC field and resin flow field exists in the thicker

composite structure, and the distribution of fiber volu

¢ion is uneven. This is related to the structure thick-

ness, the temperature transfer lag of different zopes-#&nd thedinfluence of the local resin flow on the effects of curing.
With the thickness of variable cross-section composE: structures increasing from 3. 52 mm to 42. 24 mm, the maxi-
mum temperature increases from 0.3°C to 34.3°C, and the nonuniformity of the fiber distribution increases from

0.1% to 1. 3%.

Keywords: composite structure; curing process; resin flow; multi-field coupling; numerical simulation

Wi BEHI: 2017-06-30; KA BH: 2017-09-08; M4 HARATE]: 2017-09-15 15:55

P04 AR B 41k https://doi. org/10. 13801/j. cnki. fhelxb. 20170915. 001

EE&WHE: ERE LB E R (2014CB046502) 5 W Rk £ K 2 1+ BB IS 31 9% 42 (E51782)

BIRESE . R4, W4, 2, AR, UF5 5 R IR I A A R O il E-mail: yis-cast@csu. edu. cn

Sl pifl, WERIME, FEH, S ST RIE U 3h Y AL HE A A 04 R 45 A R LA AR G- 2 AR S BUE gy L) . B A AR IR,
2018, 35(8): 2095-2102.
LIS ], ZHAN L H, BAT H M, et al. Numerical simulation of heat-flow-solid multi-field strong coupling in curing process of varia-
ble cross-section composite structures based on the resin flow[J]. Acta Materiae Compositae Sinica, 2018, 35(8): 2095-2102 (in
Chinese).



+ 2096 -

EAMBIER

Jo it i S A BEORE 32 B4R LU K T 4
PR, LA E i 2 21 2 38 50 A A — 207 B A
HA R0 o o T M i, DO 55 o mT Bk o K fE
TREBRIE I8, TEGSWINE | KA %4
AL 25 75 A 4 T 3z A S A K AR
WL S R 22 O SRR L 3 ST R A B s
¥y, 21T TRALSE BN Al BE M i RO . BEE B
i 1l 325 B AR AE ML ek SR Y K R, X R e Ak iR
IR RE 7 B ZORMOR By, A2 0 2 A b R4S
1 KB P o i o 32 A B AL
W, EIHHUE R ARG, AR AR

SR BE T 222 5 4 bR HRY
FEREGE T L B S

1T A S
AL %v,ﬁmﬁﬁm@ﬁ\@wﬁ
AL SRR . 44 R R R T
B it S Lo T 0 9 B A

Wb AT RSB RS (7 5 T 9 Xk 72 i 5 45 B 25

BB IS AL T2, WE— B T 2 LB s
BULFHEJR 0B IR AL 3 11t 3R A AR T A S T 2%
AR I B of U B S R R LR TR TR R
e T 20 R R R B A R A B LA R, S A
Fay 5 78 DX 7 A T ) B L A IR R R 8 B B I
W, B 20 50 1 2T 4k IR B0 RS AR IR A B 1o I
3. Mol R AR A AT B Lk . H IR A K2
A 3L 23 52 0 [ A B SR i 28 5 0 it JEE 9 03 A
PRI s T R B AR T A 5 A RL S A, R T PR
IR T2 R, 6 20 T I X I A AT
X B R, S AT R A . Shin TR
WA N X R IS SRR AR E T, L T AR
A B 1 # % TR s Abdelal %7 B X L AUAL
T 52 5 B 1] A 2o o ) 3L B2 39 23 A BE AT T 05
OIHT s O TR s T R s AT O . AR T
BRI 4R T RACR, A HiRZE R, iR

e [ e R 7 RS JE . TR R B AR AR Wk A
P 8T B RE Y I AR R R A2 G bR A A
MR EAERE , B T AS AW, Jffeih T
IR e R TR R I A B AT Sk e [ AR IR 3 A7 A R
M, H R BERE B I 7 2 % TR 3 19 52 i 5 A A7 LA
B {5 FORS i o ot — 2 4 v

KT A B IR 3 X iR 5 0 R

e e 331 A 20 2 B L O 22 % I £
§§%ﬂﬁﬂﬁ%ﬁ§%ﬁ%%i,@zﬁéﬂﬂmw

SURCEATLLY e SN T T S B Dol i
DLAS #R 0 B A AR EE A R a5 A x4, T R [E Ak T R
RS . B Sy . AR A I ML AT A S AT R A
Brofhos . SIS I A2 G W) &35 4 [ Ak i) 72 A v
JEHBUE A H AR .

1 E&H8HEY
1.1 #-4 %}:’

Egﬁ@ﬁ%ﬁﬁ*,m?ﬂﬂﬂ%%%ﬁﬁ

&m-;‘ﬁ-@aﬁﬁﬁ@%

fic. B B P T 4 B IR

%§§ XA PR S B 5 1 B 4

78 DX A B R T A B, ORI I B0 A [
PSR AN [R] 25+ 7 T 52 W A i 3 2l ) 32 %)

. i&ﬁﬁ%ﬂ@‘iﬂfﬁ%ﬁﬁlkﬁ% . K%
D7 BB [ Al i v SR IR AT B . IR R H
e L5 S E R T R A 45 K6y A A L

%Qwﬁﬁmﬁ%i%@y P, 5 B
ﬁ%ﬁ§,$i@§§§m%%ﬁ¢gmh,%ﬁ
TE%ﬂﬁ%@f‘@ﬁﬁﬁ%%%%:

LT ;B;Tiﬁ 9T
pc+é§> = 5 (K5 +Q

&

Q%@p,v,Hu da ()

dr
Hrb: oo CHK 235 G5B A
PN T ZH oo Co MV, 53500 B IR 2 L L
PR SR ;. Q N IR AL I o, HE S
AR R AR 23 8 H, b [ 4k B2 56 B i A% I ik
S A s o RIS FIALEE 5 da/de ) 0
I [ A B B R

e G MR E AL B b, Hr 2 R 2802
W k0[] A A8 A T AR A 1Y, A SC AT S 2 1R A
YIS BORMEE 19 3K 00 SR 23 52 W 5 L 45 2R 04 RS
PE. PRI, A SCHEDT Y AR OCER (B AR 40 324 3 T P 1
SR AR, B SRR S HOT



ZEM i, A TR U Bl Y AR R T AT BB A A (B 1 R AR [ 2 b 5 S MU © 2097

JrEH
o = vipr T v.0 (3)
C — prvrcrjp[vfcf (4)

— | T — tan
D D2'U[
1
T
(5)
K.
DZZ(K—[ 1) (6)

K" = K,v, + Kfv;

A *H 4 1) tlz #
ER N E @ aﬂt{%%%é& K # K} 4y
Tk £ A 3 LR AE T [n] BV 27 4 7 ) IS T R
8 K" %@ ol R 52 A bR T AT 4 ) A
PN 5 R AL

1.2 Eﬂﬁﬁiﬁi

3501-6 1’5%71:1*4@?%2!&14&, ,ﬁMJc}ir“ %K
PR AR Al 5
da (K, +Kya) (1 —a) (0.47 —a)(a << 0. 3)

dt K, (1 —a) (@a=>0.3)

=

= A,exp(— AE,/RT) (i1=1,2,3)
ﬁn{n K.\ A, FIAE, G=1, 2, 3)5 510 A
VAN BERE S QN e v R e T R o1
1.3 WERNSFHEZIER

A% Dave ™ F1 Gutowski 285 #2 HY 19 “
PR B LAY, 2R R TR ) ek A R AT 4 3
[ R, H BUE B 38 T A W) B RHMA & . A SCHE
Gutowski“ W iff 27 % SCBO AL LAl [, (RS 2F 49l i
FAH B 58 4= i B rp [ JE < fL . 2T Biot [ 45 7 3
FIK TG 5E A ST T AR WA T 2l 02T 4k %% S 0 RUE
BORL, ARG 00 ) T 15

c=do +P, (10)
Hoh: o RRL T 5 o £F 7R R ) CR AN D) 5
P, AR R R T,

TE 2. 52 B4 ORL T 1A o ) SRR R
LN Z2 LS AR T AR Y -4 5 5 S 21 4 2 L
] 75 48 530 b

o’ JdP,

=0

@%HL% Iz
1@© S AL S (1)

dx ay dz dy
dr., | dr., , do. , IP,

dx + (’)y dz dz

’)s (’)s (”)s
&= Yo =5t 1

=0

x|y

L a,vs o e s avs
€, = Jy Yy @%‘f’ Epe -

Sa a?i ©O 371; + (Z;;
. @ n w' RSB oLy Fl 2

12

% .

TORETHE R 1E A4 1) S A L, A AR D 22

B b RE T AR £ 2t B SR A T R
U?r Cuh Cpn Cy 0 0 0 j@
O'/y Co, Gy 0 0 d] €,
. B Cy 0 @6 .

@O o (13)

5 A A RE I (A 27 4E 15 B8 P B TR B AT A

7.y IR TR N
‘5% V5 dP, G=1.,2.3 4
° p dx;

e LA ATTA4ET I 2, 3 MR T AT
65 Sy & &5 FOREAS [ J7 1] 1998 18 %5 0 W IR
.

H A S M O B AN B A ST A O AR, T AR LARY R K
FH U T 0 728 Sk 9 i Bl 23 42 i) 07 7
IP, 9 (57 aP,)

m, al’ — % P aIi (l — 13 27 3) (15)
1
m, = T e do (16)

ot m, BRBVECREG o SR IR UBU MO 4
HEPR BB LA, 56T o FUZFHER LR 97 9 3 7
REZEEE



+ 2098 -

EAMBER

—1.552 X 10 %" 4+ 0. 81
(0 <o << 68.95 X 10° Pa)
| —0.274lgs” + 1. 899
‘ (¢/ > 68.95 X 10° Pa)

an

2 HEEBIES S
B UE A Y 1 5 2 5 SCRRL6 v A R 1 52 5 41
FHZ G RAEH . IZE R KA SE3 2 15. 26 cm, J&

9 3.576 cm, 4R £ 4E R TR A%k 0. 383\701%0@0
Eﬁﬂﬁ%ﬁﬁ,ﬁmAMB%MLI%%?ﬁ%>

S, B L 8 b 2 e

P R A DA O VWU{#@ E >
) AS4/3501-6 & & #1 ok N VA R B 2
SRR E G M A gf FObE R MERE G2 2
FioR . TR 5 i, BT EACE RS
%ﬁ%}%%bﬁ%ﬁ%%mﬁﬁ, JZ A 2 T s
WA L SR 22 B TR ASE L R A Y AR
i YRR, WE R A L R R R

B ORI ML 4 b 8, B 9T /0 %VJ%:
0. [7) B % 5 J2 A b L 76 1 5 ‘%Z@%ﬁﬁ
R R 38 W/ (m* +K), AU () A% ) 43
P RERE B I NTiTR N v HILHCR 89 229,
A T2k . 2 5 25 1 Je A% Rl 43 an &1 1 AT 2
JIF %

% H COMSOL Multiphysics 4 BE 7T # 4 %} 2
A M [ A B RN 8 S AT R R AT RS IF S S SOk

AR IF IR . B P, /0% — 0. .,\{{

z T=r
Grid P=16.7kPa
or_op_ or_op,_
5,70, ° ~ %5
) ) v
P T=T
ZL 5'=0 d
-

N
@ P2 o Uk 15 B0 30 B 2 0 B E B A% ) 23
Fig. 2 Boundary condition and mesh generation of

the verification example

Y o A P, o3 O A B ORI 22 R JRE R A SEORS 2

Zit .
AT = | T, — T\ (18)
_q— el % (19
e S
Hrr, AT, W25 s T, i B 20 0 SE PRz
T, g% T EIRE s e HIERER TG ho
25 ZESLPRIEE s by NI LA BB,

§>\3ﬁ§%ﬁ¢bﬁﬁﬁﬁﬁwﬁi%ﬁw%

o@° Al PAE 1, 7E 0~35 min Ml 180~210 min ¥ [A]

&,ﬁiwﬁﬁ%ﬁiﬁwﬁﬁ%ﬁﬁﬁ@%%%
AR E s MAE 35~180 min B 8] E 5 B A

Sk L WA S B BCRN T, 7 0 ~
35 min B . 91 TF 6 2F e B 207
B k7 AR B B L 2 I X Skt

15 WA BRI BRI B B 5 2 M A

[e] . P 5 5 Efeﬁi%} fE 35~180 min B}
A B, i 505 N WAL 2l 3 ) 08 AL 450 A0 I JE
i i) 5% D7 ELRBERL, JF 5 08 T BB i 25 1E 1
Qm

21

N S e N N | o o Experimental® /3
6] e BLRISE 50 45 S AT XY L. S A0 07 BORE 1 0o _° Fampetiueny 53
c oK 700 175 | —— Comsol "
C “urd e0kpa | oY | e
200 uring pressure: 690 kPa s Reference
P ——— } O 140 y

;" 1767°C, 120 min 1980 E L Canoss
o 150F ! ne - = 5 3 O 200
g 121.1°C, 60 min , 2.2°C-min > £ 105 o/ =
e {660 2 g 5
E g 2 £ 2 160
< / I (5} <
g 100r /" Temperature raising curve a =70 E
& v 4640 & g 120
& /2.2°C -min™! g 3 = ;

501 S 35
p 1620 . 50 100 150
Time/min
n 1 L 1 n 1 n 1 L 1 L
. . . . 600 0 35 70 105 140 175 210
0 50 100 150 200 250 Time/min

Time/min
Pl 1 AS4/3501-6 )24 M iy BTk T2 £k
Fig. 1 Curing curve of AS4/3501-6 laminate

B3 AS4/3501-6 JZ= 4 A O L EE A9 7 B 5 S0 90 45
Fig. 3 Simulation and experimental results of the temperature

in the center for AS4/3501-6 laminate



ZEM i, A TR R U Bl Y AR AR T AT BEOREAS A (B A R AR [ 2 b S S MU .+ 2099 -

L YE PR B B A X IR BE S B2 VR A AR R R e
(2T AR R A3 BN 181 4 Bz, T UL iy A6 T 4 i

» Experimental!®)
----- Referencel®!
Comsol

34 Reference!®
40. 38vol Yo i TH i # 51. 69vol % o 3% 4 4R G B c sof
W 00 J2 7 B AT 76 M TR 5 A S0 £ 5l £ ol
T I 2 R G A bR TR th# 1 B 3 | E
AL AR BT BT AS R R IR 22 3°C, £ s0r =

IR T 3cHk6 1y 7°CRISCRRES Y 6°C
Ti5h s DN JZE G MR JEE FE AU 5 S 5 A L g R @j gl Smssmeaeeoass

CanfE 5 Keg 1 fia) T LLE B, RMFEZFT .,

RIS TR BE A B2 R 99. 7%, ¥ F SCik

99. 3% M SCHRL8TM 99. 5% , Sazhbn i #2 :

ﬁiﬂ?ﬁﬁﬁﬂﬂ%fﬂiﬂmﬁijjxﬂﬁ%ﬁ&ﬂxﬁﬁ oA P 5 AS4/3501-6 J2 44 JEE I AR 1L 4% SR 15 S 0 435 SR X 1

Fig. 5 Comparison of simulation and experimental results

n n " 1 1 1
0 35 70 105 140 175 210

Time/min

TR A i e 92 P 52 5 S P
%I /\,ﬁj - )F% = ?{% fg T WJHH o R Iﬁ o for the thickness of AS4/3501-6 laminate
[AVARNEN
521 PN L \ .
2 wiﬁﬁmﬁxﬁﬁgﬁﬁT,ﬁﬁ%%%i%%
E 50 Fiber volurr})e fraction at end of cure BEmML A, "b“% o A el S
o= L v,=51.69vo0l%
5 48 R1 A6 RERBEABRESEEELHEEN
g a6l ° PBESZRERIL
&
% " I @ Comparison of simulation and experimental results
TE L @ of maximum temperature difference and thickness
b I .
S gk Initial fiber volume fraction o . _ .
2 I v,~40.38v0l% @O densification accuracy for AS4/3501-6 lamzp(a\t{
40 BD Results AT/ C e/ %(@
L 1 " L " 1 N 1 N ! N 1 N oo 6] O\ 4
0 30 60 90 120 150 180 210 Reference ! D
g : Referencel® 6 997 5
Time/min
Comsol 3 @ 99.7
Kl 4 AS1/3501-6 J2 &M ol 1 48 4i 2 & s B4 Experimental(®] — ({3\0 —
faN
Fig. 4 Simulation results of fiber va ‘0 Notes: ATm.sx—Maximum t @r\ﬁ{re difference; e—Thickness
for AS4/350 D0 densification accuracy.

Parameter and numerical value

(a) Material parameters of AS4
or = 1790 kgem PAVS0+2.05T(Jekg '« K1)
KF = 7.69+0. 0156 T(Wem ™' + K1) @, 2 2. 440.00507T(Wem ™ « K1)

(b) Material parameters of 3501-6
or = (90a+1232) (a << 0. 45) + 1272(a > 0. 45><kg-1§@ C, = 4184[0. 468 +5.975 X 10 *T—0. 141a|(Jo kg '+ K1)
K, = 0.04184[3.85+ (0.035T — 0. 14D a](Wem ! « K !

(¢) Cure kinetic parameter of 3501-6

A1=2.101X10°(min~ 1) Ar=—2.014X10°(min" 1) A3=1.960X10°(min" 1) H,=474 k]« kg™ !
AE;=8.07X10"(J*mol 1) AE>;=7.78X10*(J+mol 1) AE;=5.66X10"(J+mol 1)
(d) Densification parameters of AS4/3501-6 laminate
201 — )3
Sy = % Sus = Sy = r#[€0. 8o V2 — 119/[0.8(0.8/vi + 1] g = poexp(U/RT -+ Ka)
. 8vf

ri=4xX10" % m R=8.314 J+*(mol+K) ! oo =7.93X10 "“Pass U=9.08X10*] *mol ! K=14.1

Notes: p—Density of fiber; Ci—Specific heat of fiber; T—Temperature; Kt, Kf —Heat conduction coefficient of fiber (Respectively along fi-
ber direction and perpendicular to fiber direction) ; p.—Density of resin; a—Curing degree; C,—Specific heat of resin; K;—Heat conduction co-
efficient of resin; A;, AE,—Frequency factors and activation energies, respectively (i=1, 2, 3); H,—Total heat of unit mass during curing;
Si11—Permeability of the composite parallel to the fiber direction; S»s, S33—Permeability of the composite perpendicular to the fiber direction;
v;— Volume {raction of fiber; p—Resin viscosity; pe- — Viscosity constant; U—Activation energy of resin viscous flow; R—Ideal gas constant;

K—Temperature independent constant.
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