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A7} vinyl acetate(VA)2] A-freir)zd 3532 & 43 22l o] Fojxict. £ QA& ethylene-vi-
nyl acetate(EVA) FjA} 530 AHEsE o autoclave ¥HE7]1E AAS A Jehdl7] 918k two-compartment
four-cell 22-& AH3-315c). o] FdellA A48 g7 FE58 v, ¥A5t] AP AT F3hshs Aoz A ¢
gall Faukgel AH45e whgEr A4 5 AAs . 2279 W] ukgr| Y Al viXE 3s Al
AR H43tr] 918l B EE st Z2]ie] 713t 99 & £49319 2, two-parameter continuation B &
ARst B3RS AT 2N At oA] uhgA 9] HubAQl F2E elslglnl. =3t whsr] AT JdEA)
3o FAE chpA o2 B} ik FMAA 5 ol Uk Al Flg

Abstract— The free radical copolymerization reactor of the ethylene and VA is operated under the conditions of high
pressure and temperature. In this study, a two-compartment four-cell model is used to describe the behavior of the adi-
abatic autoclave reactor for the EVA bulk copolymerization reaction. The parameters for various reaction rate constants are
determined by analyzing the free radical and ethylene decomposition reaction mechanisms and associated data adopted in
many studies. The bifurcation diagrams are constructed to investigate systematically the effects of various operation parame-
ters on the reactor performance, and the feasible operating regions are analyzed. The overall structure of the steady states
of the reaction system is examined by organizing the bifurcation set by two-parameter continuation method. The strategy
for the production rate increase is also proposed by elucidating the relationship between the reactor performance and the
molecular weight. '

" Key words : Copolymerization, Ethylene Vinyl Acetate, Bifurcation Analysis, Autoclave, Decomposition

1. M

£ A==},

FFHE T2 J1E 2EAN AL AP S8l o) gHm
sled, Jidale] 5 1930 Z2]ddAS A)=3 Imperial
Chemical Industriesel] 2]3}led Xzt=lglc). 7 ¥ Jjdalls} VALl 2
%32 19463 Du PontA}2] Hanfordel] 23}e] Ze)djdale Ak
& oo} - 7)1eE o] 43t =T

o2alls} VAL ShH9% A4S 2+ EVA IS gHg 5
Utt. 30 wi% o]5te] 12 §Hake] VAS sk EVA A=
38k Fejolldal ukgrleN ANFH e AxHw, ¥ d%
9] VAE Tisls 353 93 2 435 o] 9slo

' E-mail : hjy6494@biho.taegu.ac.kr

85

ez} VAL] FE3hdl B3t AT F2 w3 E4] 9 autoclave
4h-3-7] 8 o] 43l o]Folx gted], UlE APAFRA 2y 2
78] Wizt wpeba] FEIA G dekAlY vlg 2wk A ¥ @)
g A Wsl=rlel AR A7) F2 S35 o] e 2-8].

Burkharts} Zutty[2]= ¥h87] k9] Hsld] w & ddd 353
Al e] VA A wislel uhgAd ulol] A AFF s35le 1,000
atm, 90 °C2] ¥hg A A 1,=1.0710.06, 1,=1.08+0.190] i, &
Aol oJsle] FS wte Ao g ¥ yEleivh 22 F van der Meer
9} German[3}- 600 kg/em’, 62 °C 3ol 4] 1,=0.79+0.015, 1,=1.4+0.02
2 b3l =, ol rol] 43S vl AR}l 3l = Ritzsch
410 clgae] wheA) wislel 27U EFE A Ele] L, van
der Meer 5[5 F4 A7 @ ek F2el 93te] ro] of 342 b



86 A8 - oldT

=tk Bustgdeh. =3t Terteryan S (6] VAS] ZA ol o3 35
AL E=A, 7|AIA A o] wistel Bale] A7t

33 Brown3} Ham[7}- 1,000 atmeilA] 15} = b2} 10]9, o1& A}
431 F=E= dEkAe En)7) Wl o FE5A ¢l E8lE
AE&3p] A AAAS AASI] 2+, German¥} Heikens[8f= EVA
9| FFH AFAARE &3] A AL wbH S Al AE ul ol

J8F FeljA] Cldal e AR v 2 F]iEY,
120 RS2 3ol odd dabale & os AEHuHRS
(decomposition reaction)yS- U oA &4, ¢4 B vels} 72 YA E
£ Y5 HEZ Fankso] AztEE uky) 4 2 LEE A
o3l 7o) BrlsshAl "t 023t o] Eajukgol A
£ Watanabe2} Takehisa[9, 10]7} of2] o3 sloll AP AF7E &
sl A EL] B 4 g W3tE sy o, Luft S(11]0]
MAA L] FlFErt E FHolA] Eaubgol dofvles A& A
Ao g galslgdct. =3l Zhang S[12}& LDPE 3138H-7] o)A run-
away @S A7) 4% kS 71 78 AlQhst e, 2 AL W3}
of @& Faluh A slAslgch

£ AFellAs EVA 353 3A4o] 3t Eeldda vd 3 Z
A3 FARRE Aol 278t 241 Zeldda 2 F3 A3 o
T A5}{13, 14}E vl o2 EVA Z33}e] doji)= autoclave HHS-
715 AR s sisted Ageicld 2 2auke 71 7E A
Halz, $4 Bdg #]st] ¢ 2719 Wl o 9kgr) A
TR 25 9 kA Ashg ) Bxlskel WElE AANezZ 4§
A3t3A} gt

2. U371+

21. RIQAICIY HS7I7
ALAt VAL FERAE AR TFPRL Ssled 3
Feled] & TN E olels) e W7 TEE AR,

(1) 7N A1 4Hg-(Initiation)
k;
1 — 20
ki )
‘p+Ml PI,O
k;
o+M, — Qo

(2) 47318 (Propagation)
k

pit

P..+tM, — P...
k,

P, +M, —= Q..
kpzn

Q..+M, P..in

QutM, =Z= Q..

(3) A A)uk-3-(Termination)
Kn
P,.+P,, — M,

knz
PoutQ, ™ My

+rmtg

Q..+Q,, L 1Y -
(4) A H ] =uh2-(Chain transfer)
PotM, —=ie M.4P,

Kz
Pn.m+M2 - Mn,m+Q0,l

2235 AM36A 12 19981 28

Q,.+M, L M,,+P,,
Konzz
Q,.+M, — M,.+Qu;

28] ARGl &3t AAA P} A= o2 E8E A, o]
i) odal dFAM)}t 23 A4S 2= X 2EA
P2} VA A (M)e} A3 Q22 At P w84l Al ol
deale oozl A aEAE Yehlid, Qe IR Ak E
o] VAR o]Foiz] &4 mE-Ale|ct. o] 13RS A WA A=
IRAL AbE Sol] Z3HE olE Y] Dol F WA £X= VA
2] 395 &Juigic}.

Aol A= 84 EAL P Q0] cldalelyt VA
Ao} Agstd Al Aoyt o 71 84 mERLZ AAs)A "o o]
S-S Aole] uh-3A Y] v E Yehll= 13 18 22 o Zo)
Heiste) Ahgsieict.

r]=kpll/kpl2’ r2=kp22/kp21 (1)

AR 3] @A wEA P, Q5] 23l vl
A EA M 3430 531 £ Aol AAAIRA 95
7] 7§A1A1Q] TBPND(t-butyl peroxyneodecanoate}E AR&-5}917] uf
Foll AARg-l 23l A wEARE BAS 4] der)

Aol gukgo 2 e 4 mEAN P, Q.0 7} dekA
M, == M2} Agsle] v8A wEA18] M, A& Zolr) 12 &
A nEA} P E Q,E HE W2 diolEule-g w3
AeHl o] ghge] aale] EAJo F 9 w3

g 324 olddl dEAlE JdEHE oA w84, v g
a2 AR ES YA "ot o] Aol HAuRL Esl

2 EAS0] AAE u gk=de] I A ZU)8HA S| EE reactor run-
away dA}o] WAFHA ol £ A7l HR-E FellA] o)
EREE 717 ofelle} o] AAsiglvH12].

(1) 7§ A1 ¥H-3-(Initiation)
2M, i CH; + CHs
(2) A 71k-3-(Propagation)

CHy = MaH.
CHe+M, . CH+CH,
H-+M, . p.icH,
CH, Lo C+CH,-
CH,+M, —¥- CH4CH,

(3) A A Hk-3-(Termination)

2CH, Y.

CH,
CH;+CH, —2. CHxCH,
2CH, X=. CHaM,
2-2. BESRTA|
ARt g FUEol AT ool skl 7 B
(pseudo steady state)E- 7} 3l &

r=2fk] - k, oM, — k,oM,=0 2
e



EVA 35719 249 o 4 87

(P=2fkil/ (kilMl+ki2M2) (3)

2 A § Qlck & A7l e AR o7} dA o Adtst
£ WAk ARSI fATSE ) dEell kit koF A kot K
2 A3t} ARg-shsict.

=3 34 A F X P2t Qi v 2] Aejdr

M3

P =

[}

Pn.m
n

1)
ﬁMx iMS

Q=

et

Q. n @
1

:.E}E’_i X]"?rﬂ“']% %ﬂ“ﬂ‘%oﬂ q]é‘l‘ I, Mb MZ, Pl,Dy Pn.m OO.]
2 Q.. A7) A&, 12|32 P ¥ Q2 ANSFEE o3 2ol
viebd 4 gl

r=—kl ®
Iy=— pnPoM1 =k, QM, — Ko PoM; — K2t QoM )
Tyy=— kpl2P0M2 - kpZZQOMZ = Kpi12PoM; = K2y QoM (7)

Tpy 1 =Kp11OMi — Kpui Py oMy — KpioPy )Mo — K Py oPo

— kaoP10Qo km-x1P1,0M1+km11PoM1+km21QoM1 — Kon12P1 oM, ®)
T2, =~ Kp1iPrwMi — Koo uMot kG P n MK Qs 1My

- kﬂan.mPO - knszon_ kvmlan,li - koanPumMZ (9)
Tg0, =Ky ®Ma — K;22Q0: M — Kyt QoM — k2 Q6,Qo

= ki12Q0,Po — Ken2dQo Mo +KimoQoM 4K i 2PoM; — ki QoM (10)
I0, =~ K22 QoM K1 QMK 20 Q- (MoK 1P 1M

- krzan,on - kllZQerPO - klmZZQn,mMZ - kalQuli (1 1)
=K, OM; — (K12 Kt 2) PoMy+(K 1+ Ko JQoM; — ki P — K oPoQy - (12)
To=k,z M, - (kp21+klm;l)QOMl+(kp12+km12)P oM, — Qo — ko PoQ, (13)
T, =W1 K1 QM AW (K 11+ K )PoM Wi (K1 Ho i ) QoM ’

+K,: QM — (K,1:Mo+K 0 PotK 2 Qo+ Ko M +K M) Py (14
T, =WKps @M AW (K 02+ K ) QoM+ WK 12+ K1 2) PoM,
+K,1.PiM; — (Kt MK 22 QoK PoHK s MoK s M1 ) Q, (15)

rP2=W12 kpx 1(PM1+W12(kp1 1+kmm)PoM1 +W12 (kpu +K ot )QOMI
+2w K, PiM +2w K5, QM 4K, QM
= (kp1:MoHK 1Mo+ K Pot K2 QoK s M) P, (16)
er=W§km2(PM2+W;(kpn+km22)QoM2+W§(kp12+km1 2)P0M2
+2WoK QMo+ 2w, K 1, P MK 1, P M,
= (kM1 +K o Mi+K 22Qo K 1Ptk 1 M5) Q. a7

EVAS) $4¢ U3 93le] 0124 2279 3 FES| 29
=& chgs} o] Fojsisie.

A = E,O m2=,0 (ow, + mw,)* M,, (18)

714 wit wie 747t o2 alls) VAS] $Alake vebdch

84 28R £ = P} Qo S E chriA 2 mRlEg
oY & 9lon} ¥4 mEAL BalES MBA T¥A} F FE
2RlEuct ol fong Y (5)9 AYE o] gsle] FHTEAR
M) FFIZEAFM, ) B oheT 2 AL A 5 glek

"% Mg 19
A Mg Agsted BEFERRE Fob] SeldE B4 22

2 1R 2EAS) 13 0 24 ZAEE dojo} Wk o % S18k]
AHgEIE 7 BRES AHEEA L okelsh R},

WF% ka:"'% kazog"‘knzpooo*'(kmuM1+km-17.M2)Po

HKenzoM+K s M1 ) Qg 20)
Tu=(Ka 1 Pot K2 QoK1 M +K 1M )Py
(K2 Qotka:Pot Komze Mo+ Komas M )Q; (2]

0,=(Ka:PorKa:Qot Ko Mi 4K, :M2) P,
K22 QoK PotK s MoK M1 ) Q2
+ka12 +k(zzQ|Z+2kﬂzP101 (22)

=3 dldale] #auk3l tisted [CHy ), [H-], [CHy ] R [CHy']
o] A3 7} ALl S 2383, kn=Ka=Ku=Ks Z [CHy ]=[CHy' ]
£ 71 [10,12], [Cl, [CH)), [H]+[CH] % [CH,Jol eH¥ ukg-
SEALE o3} Zo] Jehd £ Qlek.

k 2k .
S A , di
1= | Ka > —k Mf 23)

+
dt

k, k 2k

(K, K o[

Teng= | T k, M 29
=2k, M 25

Ta * Ticwa = 3 Ka M @5

Yie,mn = Ka M; (26)

319} 2oL ] Slste] AR HSEE ATE Kt ki
i 1o, & @7lAlE 845 440l o] Zhang S{12]e]
WE 7S M

B gD VAL 2Ee) B WEE AR E 2 Fepl
o) gl iR o] WE=] UT[12,13,16,17), o geA} VA
TEl B e wlol BY AT T2 01501 -
7). 35} st A= oQaA} VAS] TFQESANE 2 ded
Ae] Fzol FeE e WA Bk Az 10| B2 [] FFGEHS
A AYR WIEE P5E EVA FZREol AHg et Zo] Ahs
st} 2eine B AT E DEPgel Y HEE AHgstel
WSEE 44E 25 1 A7 Table 19 hehigich.

3. mglA HIH
£ dFoxE EVA 53] autoclave HFE7| WA A PE=

Table 1. Reaction rate constants

Frequency Activation

factor energy
k, 4.031x 10" 25030
ko 1x10° 6477-0.56P
k12 1x10° 6477-0.56P
Kot 13x10° 5464
k2 1.3x10° 5464
kn 3% 10 3950
K2 29x%10° 3375
k.2 2.8% 10" 2800
| - 3x10* 9375.2-0.48P
Kotz 3x10* 9375.2-0.48P
Konz1 3.55%10° 8372
Kz 3.55% 10° 8372
ku 4.003%x 10" 65000-0.1937P
ks / VK, 1.587x 10° 65000+0.32185P
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Fig. 1. Schematic diagram of the two-compartment four-cell model.
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Table 2. Thermodynamic data and reference conditions

Items Numerical values Units
p 576 g/l
Cp 0.629 calg - K
(-AH) 21400 cal/mol
(- AHy) 30200 cal/mol
P 1600 atm
T, 293.15 K
M, 16.648 mol/l
M, 0.96 mol/l
I 6.441x107* mol/!
I 6.436x107* mol/l
f 1 -

Qo 13.11 s

o 0.5 -

qr 39.5 IIs
qs 3.1 s
Vv, 77 1

V, 84 1

V, 170 !

v, 110 1

o &gt e % oD EejheAd S hepilnl P k] o]
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Fig. 2. Temperature, ethylene conversion, number average meolecular
weight and weight average molecular weight at steady states
for various values of the feed temperature(T) : —— stable
steady state, ---——- unstable steady state.
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Table 3. Steady state values at reference conditions

© =4 o o ©
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2 & 8 & 8

CONVERSION OF ETHYLENE (1 - x,)
o
&

o
3

15 2.0 2.5
Y4

Fig. 3. Phase plane plot of the reaction paths for the second compart-
ment starting from various initial points under the reference
reaction conditions: @ stable steady state, O unstable steady
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Fig. 4. Multiplicity regions of the steady state in the (T, I,)-plane.

ZastA =e, 2k ZF GGl e AAatee) AeE 9
ulshsdl JAddl Baubge] doind Fe vebd AANEE 23
get 718 wbgA A 2] el Ase 91e A--E vehiA]
gt FYL2= AHAA 9] TR 5o wEke] EAlshe 7ol 23
2] A L A =2 117 EA)8ke ddo e Wty 713}
< o 5 gl

=3 ARG FlEEE HEAA 7l FlEEe] Wl w
€ #7111 =E Fig. 5l ZAI8I5Ach AAA Y F9l55r) w5t
we} isolaz}t RS BeJFch. Fig. 60l o33 71| Lol tis}od

Stability

Y2 Ya 1-x, 1-x, M,, M, M, M,
Stable 1.5287 1.6823 0.1476 0.1904 25822 22888 50154 45315
Stable 1.0057 1.0078 0.000051 0.000081 151318 153632 302459 306654
Unstable 1.4860 1.6240 0.1356 0.1740 27484 24886 52965 48859
Unstable 1.4860 2.0626 0.1356 0.2470 27484 18622 52965 38776
Unstable 1.5287 2.0561 0.1476 0.2538 25822 17995 50154 37379
Unstable 1.0057 2.0807 0.000051 0.2144 151318 18767 302459 37825
Unstable 1.0057 2.0660 0.000051 0.2426 151318 14687 302459 33202
Unstable 1.0057 2.0564 0.000051 0.2538 151318 12617 302459 27231
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Fig. 5. Temperature and ethylene conversion for various values of
the initiator feed concentration(l,): stable steady state,
-—---— unstable steady state.
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Fig. 6. Bifurcation diagram showing the steady state branch of the
exit temperature of the second compartment when I, is equal
to (@) 3x10 “mol/l, (b) 5x107%, (c) 6.441x10°*, (d) 8x10™%,
(€) 9x10°* and (f) 1x10™*, respectively.
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Fig. 7. Variations of isola in Fig.6: (a) I,=8X 10 *mol/l, (b) 6.44%
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Fig. 8. Variations of initiator feed concentrations(I, and I), flow
rate(q,) and feed flow ratio(a) with the feed temperature for
the case of the reactor temperature control.
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Fig. 9. Variations of ethylene conversion(l - x,) and production rate
with the feed temperature for the case of the reactor temper-
ature control.
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C : concentration [mol//]
Cp : heat capacity [cal/g - K]
E " : activation energy [cal/mol]

: initiator efficiency
(—AH,) : heat of ethylene decomposition [cal/mol]}
(~AH,) : heat of polymerization [cal/mol]

I : concentration of initiator [mol//]

k : reaction rate constant [s ', //mol - s]

M, : concentration of ethylene monomer [mol//]
M, : concentration of vinyl acetate [mol//]

M : molecular weight

M, : concentraion of dead polymer [mol//]

P : pressure [atm] or power consumption [W]
P, : total concentration of living polymer [mol/]
9 q : flow rate [l/s]

Q, : total concentration of liVing polymer [mol/]
r : reaction rate [mol/] - s]

1, : reactivity ratio, k,,/k,1,

I, : reactivity ratio, kK,,/K,»

: temperature [K]
: reactor volume [/]
: dimensionless ethylene concentration, M,/M;,

<« M o< M

: dimensienless temperature, T/T;

azjolAa B
o=q;/q, :feed flow rate ratio
0=V,/q, :mean residence time [s]

A : concentration of dead polymer [mol//]
[ : density [g/]]

0} : concentration of free radical [mol/]]
Bt

f : feed

n . : number average

w : weight average

1, 2, 3, 4 : cell number
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