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Capítulo�I�–�Introdução,�objetivos�e�organização�do�trabalho�

I.1�Introdução�

�
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I.2�Objetivos�

�

I.3�Organização�do�Trabalho�

�
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Capítulo�II�Revisão�da�literatura�e�conceitos�fundamentais

II.1�Introdução�

�

Plug�Flow�Reactor Continuous�Stirred�Tank�Reactor�

0

�

II.2�Técnicas�de�polimerização�e�categorias�segundo�a�densidade�

�



� 5�

High�Density�PolyEthylene

Medium�Density�PolyEthylene

Low�Density�PolyEthylene

Very�Low�Density�PolyEthylene

Continuous� Stirred� Tank� Reactor

loop

Continuous� Fluidized� Bed� Reactor

Imperial� Chemical� Industry
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Continuous�Stirred�Autoclave�Reactor

Linear�

Low�Density�PolyEthylene

Molecular� Weight�
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Tabela�II.1

LDPE EVA AP

HDPE MDPE BP CSTR

LLDPE LPE BP

LLDPE HDPE BP CFBR

LDPE EVA AP CSAR

PE MP

PE EVA

LDPE VLDPE

VLDPE LLDPE

LDPE
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�

Tabela�II.2:�Termos�utilizados�na�tabela�II.1�

AP� A P �

BP � B P �

CFBR� ontinuous� luidized� ed� eactor �

CSAR� ontinuous� tirred� utoclave� eactor �

CSTR� ontinuous� tirred� ank� eactor �

EVA� thylene� inyl� cetate �

HDPE� igh� ensity� oly thylene �

LDPE� ow� ensity� oly thylene �

LLDPE� inear� ow� ensity� oly thylene �

LPE� inear� oly thylene �

MDPE � edium� ensity� oly thylene �

MP� M P �

PE� P E �

VLDPE� ery� ow� ensity� oly thylene �

�

II.3�Tipos�de�catalisadores�

�
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II.3.1�Catalisador�Ziegler;Natta�

�

Figura�II.1:
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II.3.2�Catalisador�Metalocênico�
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II.3.3�Catalisador�híbrido�–�Ziegler;Natta�e�Metalocênico�

�
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II.4�Tipos�de�Reatores�

�

Plug� Flow� Reactor

Continuous� Stirred� Tank� Reactor
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�

PFR�(#3)�

PFRtri

CSTR�(#1)�

CAT� CO CAT�

CAT� CO CAT�

H2�

Produto

Monômero�

Co monômero�

H2�

Solvente�

Figura�II.2
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,�Stress�Exponent

II.5�Métodos�matemáticos�

�

II.5.1�Método�dos�Volumes�Finitos�

�
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0→�V

( ) ( ) ( ) φφρφ
ρφ

SV
t

+∇Γ∇=∇+
∂

∂

�

Tabela�II.3:�Termos�da�Equação�Geral�do�Método�dos�Volumes�Finitos�

( )
t∂

∂ ρφ φ

( )Vρφ∇ φ

( )φ∇Γ∇ φ

φS φ

�
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II.6�Conclusão�
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Capítulo�III�Modelo�Cinético�

III.1�Introdução�

�

III.2�Formação�do�sítio�ativo�(sítio�de�iniciação)�

n

k

n CCCC nf *,'→+ ][][,',' CCCkr nnfnf ⋅⋅−=

nC n CC nC *

n
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Tabela�III.1

Sigla� Espécie�

*C �

C

CC �

CI �

CCI �

CCD �

CD �

1M �

2M �

kjP , �

kjQ , �

kjU , �

�

III.3�Envenenamento�por�impureza�

CCDCCI icck

CC →+ ' ][]['' CCIkr CCICCICC ⋅⋅−=

n

k

nC CDCI nic →+ ,*'** ]*[][ *,*',' nCnICnIC CIkr ⋅⋅−=



� 19�

CCI *CI

CCD nCD

III.4�Iniciação�da�cadeia�(sítio�de�propagação)�

n

k

n PMC ni

,0,11
,1* →+ ][]*[ 1,1,1 MCkr nnini ⋅⋅−=

n

k

n QMC ni

,0,12
,2* →+ ][]*[ 2,2,2 MCkr nnini ⋅⋅−=

� 1M � � 2M kjP ,

j k

kjQ , j

k

III.5�Propagação�da�cadeia�

�

nkj

k

nkj PMP np

,,11,,

,1,1

+ →+ ][][ 1,,,1,1,1,1 MPkr nkjnpnp ⋅⋅−=
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nkj

k

nkj QMP np

,1,2,,

,2,1

+ →+ ][][ 2,,,2,1,2,1 MPkr nkjnpnp ⋅⋅−=

nkj

k

nkj PMQ np

,,11,,

,1,2

+ →+ ][][ 1,,,1,2,1,2 MQkr nkjnpnp ⋅⋅−=

nkj

k

nkj QMQ np

,1,2,,

,2,2

+ →+ ][][ 2,,,2,2,2,2 MQkr nkjnpnp ⋅⋅−=

III.6�Transferência�

�

� Transferência�para�o�monômero�

kjU , j k

kjn

k

nkj UPMP nfm

,,0,11,,

,1,1 + →+ ][][ 1,,,1,1,1,1 MPkr nkjnfmnfm ⋅⋅−=

kjn

k

nkj UQMP np

,,1,02,,

,2,1 + →+ ][][ 2,,,2,1,2,1 MPkr nkjnfmnfm ⋅⋅−=

kjn

k

nkj UPMQ nfm

,,0,11,,

,1,2 + →+ ][][ 1,,,1,2,1,2 MQkr nkjnfmnfm ⋅⋅−=

kjn

k

nkj UQMQ np

,,1,02,,

,2,2 + →+ ][][ 2,,,2,2,2,2 MQkr nkjnfmnfm ⋅⋅−=
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� Transferência�para�hidrogênio�

kjn

k

nkj UCHP nfh

,2,, *,1 + →+ 1

2,,,1,1 ][][ ofh

nkjnfhnfh HPkr ⋅⋅−=

kjn

k

nkj UCHQ nfh

,2,, *,2 + →+ 2

2,,,2,2 ][][ ofh

nkjnfhnfh HQkr ⋅⋅−=

� Transferência�para�o�organometálico�(alquil0alumínio)�

CC

kjn

k

nkj UCCCP nfCC

,,, *,1 + →+ 1

,,,1,1 ][][ ofCC

nkjnfCCnfCC CCPkr ⋅⋅−=

kjn

k

nkj UCCCQ nfCC

,,, *,2 + →+ 2

,,,2,2 ][][ ofCC

nkjnfCCnfCC CCQkr ⋅⋅−=

� Transferência�espontânea�

kjn

k

nkj UCP nf

,,, *,1 +→ ][ ,,,1,1 nkjnfnf Pkr ⋅−=

kjn

k

nkj UCQ nf

,,, *,2 + → ][ ,,,2,2 nkjnfnf Qkr ⋅−=

�

�
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III.7�Desativação�catalítica�espontânea�

�

kd

CDC ndk

n → ,* ]*[,, nndnd Ckr ⋅−=

III.8�Terminação�

� Terminação�com�o�monômero�

�

�

kj

k

nkj UCDMP ntm

,1,,
,1,1 + →+ ][][ 1,,,1,1,1,1 MPkr nkjntmntm ⋅⋅−=

kj

k

nkj UCDMP ntm

,2,,
,2,1 + →+ ][][ 2,,,2,1,2,1 MPkr nkjntmntm ⋅⋅−=
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kj

k

nkj UCDMQ ntm

,1,,
,1,2 + →+ ][][ 1,,,1,2,1,2 MQkr nkjntmntm ⋅⋅−=

kj

k

nkj UCDMQ ntm

,2,,
,2,2 + →+ ][][ 2,,,2,2,2,2 MQkr nkjntmntm ⋅⋅−=

�

�

� Terminação�com�hidrogênio�

kj

k

nkj UCDHP nth

,2,,
,1 +→+ 1

2,,,1,1 ][][ oth

nkjnthnth HPkr ⋅⋅−=

kj

k

nkj UCDHQ nth

,2,,
,2 + →+ 2

2,,,2,2 ][][ oth

nkjnthnth HQkr ⋅⋅−=

1oth 2oth

� Terminação�com�o�organometálico�(alquil0alumínio)�

kj

k

nkj UCDCCP ntCC

,,,
,1 + →+ 1

,,,1,1 ][][ otCC

nkjntCCntCC CCPkr ⋅⋅−=
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kj

k

nkj UCDCCQ ntCC

,,,
,2 + →+ 2

,,,2,2 ][][ otCC

nkjntCCntCC CCQkr ⋅⋅−=

1otCC 2otCC

� Terminação�espontânea�

�

kj

k

nkj UCDP nt

,,,
,1 +→ ][ ,,,1,1 nkjntnt Pkr ⋅−=

kj

k

nkj UCDQ nt

,,,
,2 +→ ][ ,,,2,2 nkjntnt Qkr ⋅−=

III.9�Conclusão�
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Capítulo�IV�Descrição�e�modelos�do�sistema�reacional�

IV.1�Introdução�

�

IV.2�Descrição�e�modelo�físico�do�sistema�de�reação�do�processo�

�
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�

�

�

�

�

�

�

� �

PFR�(#3)�

PFRtri

CSTR�(#1)�

CAT� CO CAT�

CAT� CO CAT�

H2�

Produto

Monômero�

Co monômero�

H2�

Solvente�

Figura�IV.1
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:�Modelo�físico�do�sistema.�

Fonte:�Embiruçu�et�al.,�2000,�p.�1578�
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�

IV.3�Modelo�do�CSTR�

�

→

Balanço�de�Massa�Global�
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CAPÍTULO�V�–�Estimação�de�parâmetros�
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V.2�Propriedades�Físicas�

�

� Densidade�

�

79,28077773,0 +⋅−= Tρ

84,8532374,1 +⋅−= Tρ

55,84140191,0 +⋅−= Tρ



� 76�

� �

�

Calor�Específico�

�

01

2

2 ATATACp +⋅+⋅=

� MI�em�função�do�Peso�Molecular�Mássico�Médio�

�



� 77�

( ) 7096.319100254.1
−

⋅⋅= wMMI

Peso�Molecular

M
I�

(g
/1

0m
in

)

Figura�V.1: versus

� Viscosidade�em�função�do�MI�

�

wM

( )bwMa ⋅=�



� 78�

� Diferencial�de�Pressão�

�

2

uWMIP ⋅⋅=� βα

α β

�

B
W

P
AMI

u

+






 �
⋅=

2
log)log(

V.3�Formulação�do�Problema�

�

Fobj

y p

( )2min m
p

obj yyF −=

u

y ym

pi pk



� 79�

pi

ym

y

Figura�V.2:

npt

( )∑
=

−=
npt

i

imi
p

obj yyF
1

2

,min

Processo�

real�

Modelo�

Matemático�

 �

+

y�

ym�

otimizador�
e� =� y 

y

pi�

pi�

u�

pj�

pk�



� 80�

u

w

∑
=








 −
⋅=

npt

i i

imi

i
p

obj
u

yy
wF

1

2

,
min

np

∑∑
==








 −
⋅=







 −
⋅=

np

i i

imi

i
P

npt

i i

imi

i
pp

obj
u

yy
w

u

yy
wF

np 1

2

,

1

2

,

,...,
minmin

1

nv

∑∑
= =










 −
⋅=

nv

j

npt

i ji

jimji

ji
P

obj

j

u

yy
wF

1 1

2

,

,,,

,min

nc



� 81�

∑∑ ∑
= = =










 −
⋅=

nc

k

nv

j

npt

i kji

kjimkji

kji
P

obj

k kj

u

yy
wF

1 1 1

2

,,

,,,,,

,,

,

min

nri nrd

rdkjimi

rikjimi

nc

k

nv

j

npt

i kji

kjimkji

kji
P

obj

,niyPg

,niyPf
as

u

yy
wF

k kj

1�����0),(

1�����0),(
:..

min

,,,

,,,

1 1 1

2

,,

,,,,,

,,

,

=<
==










 −
⋅= ∑∑ ∑

= = =

0),(

0),(

:..

min

,,,

,,,

1 1 1

2

,,

,,,,,

,,

,

<

=










 −
⋅= ∑∑∑

= = =

kjim

kjim

nc

k

nv

j

np

i kji

kjimkji

kji
P

obj

yPG

yPF

as

u

yy
wF

k kj

V.3.1�Erros�Relativos�

�



� 82�

0),(

0),(

:..

min

,,,

,,,

1 1 1

2

,,

,,,,,

,,

,,
,

<

=










 −
⋅= ∑∑∑

= = =

kjim

kjim

nc

k

nv

j

np

i kji

kjimkji

kji

kji

P
obj

yPG

yPF

as

y

yy

u

w
F

k kj

V.4�Variáveis�de�Saída�e�Função�Objetivo�

�

�P T1,�TT,�Tnr,�TS

x

Wu

ρ �

Cp



� 83�

Figura�V.3:
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V.5�Parâmetros�Estimados�

Tabela�V.1
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Tabela�V.2
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V.8�Valores�para�os�parâmetros�estimados�

Tabela�V.4.
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Tabela�V.5.
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V.9�Conclusão�
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CAPÍTULO�VI�–�Validação�do�Modelo�

VI.1�Introdução�

VI.2�Validação�

Tabela�VI.1:�Legendas�para�os�gráficos�das�Figuras�Vi.1�a�VI.16�
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Figura�VI.�1:�Temperatura�da�base�do�CSTR�

Figura�VI.�2:�Temperatura�de�topo�do�CSTR�
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Figura�VI.�3:�Temperatura�de�saída�do�CSTR�

Figura�VI.�4:�Conversão�no�final�do�reator�tubular�posterior�
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Figura�VI.�5:�Taxa�de�Produção�no�final�do�reator�tubular�posterior�
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Figura�VI.�6:�MI�

Figura�VI.�7:�SE�
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Figura�VI.�8:�Densidade�

Figura�VI.�9:�Temperatura�da�base�do�CSTR.�
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Figura�VI.�10:�Temperatura�de�topo�do�CSTR�
�

Figura�VI.�11:�Temperatura�da�saída�do�CSTR�
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Figura�VI.�12:�Conversão�no�final�do�reator�tubular�posterior�

Figura�VI.�13:�Taxa�de�Produção�no�final�do�reator�tubular�posterior�
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Figura�VI.�14:�MI�
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Figura�VI.�15:�SE�
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Figura�VI.�16:�Densidade�

VI.3�Conclusão�
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Capítulo�VII�–�Modelo�com�micromistura�

VII.1�Introdução��

Low� Density� PolyEthylene

VII.2�Modelo�com�micromistura�
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VII.�3�Conclusão�
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CAPÍTULO�VIII�–�Considerações�Finais�

�

�



� 115�



� 116�

IX�–�Bibliografia�

AICHE�Journal

Ind.�

Eng.�Chem.�Res.,

Polymer

Ind.� Eng.�

Chem.�Res.,

JMS�;�Rev.�Macromol.�

Chem.�Phys.

Chem.�Eng.�Sci.

�Polímeros



� 117�

AICHE�Journal

Polímero:�Ciência�e�Tecnologia

Polymer

Polymerization�

Process� Modeling

Polymer�Engineering�and�Science

ENPROMER� –� II� Congresso� de� Engenharia� de� Proceso� do� Mercosul

Journal�of�Applied�Polymer�Science



� 118�

Introdução� à� modelagem� de� sistemas� de�

polimerização

Chem.�Eng.�Sci.

Spie

Chemtec

AICHE�Journal

J.� Appl.�

Chem.

Chem.� Eng.� Sci.

Chem.�Eng.�Sci.



� 119�

Polymer� Reactor� Engineering

Process� for� Producing� Polyethylene

Métodos� Numéricos� em� Problemas� de�

Engenharia�Química

Simulação,�Modelagem�e�Análise�de�Reator�de�Polimerização�

de� Eteno� em� Solução� usando� Catalisador� Ziegler;Natta.�

�

Control�of�Polymerization�

Reactors

Can.�J.�Chem.�Eng.

American�Chemical�Society

Control� of� Polymerization�

Reactors



� 120�

British�Polymer�Journal

AIChE�Journal

Macromolecules

AnaisT

Macromolecules

Macromolecules

AICHE�Journal


