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SUMMARY

Polymerization mechanisms, systems and reactors are often complex, coupled
and highly non-linear. It is difficult to assess, on-line, the state of the polymerization
process and the quality of the polymer product such as the degree of polymerization
and polymer molecular weight. The future development trend in this area is that the
design, simulation and control of polymerization processes reply more and more on
thorough mathematical modeling based on rigorous polymerization mechanisms and
thermodynamic state equations. The level of ethylene industry, especially that of the
polyolefin industry, is an important indicator of a country’s level of industrialization.
Modeling and optimization of olefin polymerization processes based on
polymerization and process characteristics have to integrate polymer chemistry and
polymerization kinetics, multi-scale polymerization reactor modeling, characterization
of polymer structures and quality, large-scale model solution search and optimization
calculations, process control, etc. It is an interdisciplinary field with many unsolved
and challenging fundamental research topics and practical applications, relating to
macromolecular chemistry, polymer reaction engineering, polymer material and
process system engineering.

The aim of this work is to develop a rigorous mathematical model for an
industrial propylene polymerization process in order to significantly improve its
performances. For that purpose, typical industrial slurry and gas-phase propylene
polymerization processes composed of slurry and fluidized-bed reactors in series are
analyzed based on a systematic evaluation of the current olefin polymerization
technologies and its future development trend. A model is developed to calculate
thermodynamic and physical properties of the propylene polymerization system. A
method is proposed to validate the parameters of the model. A dynamic model is then
built-up for an industrial Ziegler-Natta catalyzed propylene polymerization process
composed of two slurry and two fluidized-bed reactors in series. Finally, the operating
conditions of the reactors and dynamic characteristics of the process are analyzed; the
grade change and process optimization are simulated. Most relevant results obtained
in this work are summarized as follows.

1. The equation of state of Perturbed-Chain Statistical Associating Fluid Theory
is applied to predict thermodynamic properties and phase equilibria. The three
pure-component parameters of PC-SAFT model, i.e., segment number m, segment
diameter g, and segment energy parameter €/kg, and binary interaction parameter k;;
are regressed based on the literature data for propylene-hydrogen-polypropylene
system. The accuracy of PC-SAFT state equation using the regressed parameters
obtained this work outperforms those of Peng-Robinson equation, S-L equation and
PC-SAFT state equation using the literature parameters.

2. The mechanism of Ziegler-Natta catalyzed propylene polymerization is

iv
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analyzed in a thorough manner. Simplified elementary reactions involved in the
propylene polymerization that are suitable for subsequent modeling of industrial
processes are then proposed. They include the activation of co-catalyst and monomer,
initiation and propagation of chains, transfer of radicals to monomer and hydrogen,
and deactivation of catalyst. The reasonable ranges of the kinetic constants of these
elementary reactions and their activation energies are also determined. According to
the molecular weights and molecular weights distribution of two different
polypropylene grades, the number of active sites for the catalyst is found to be six.
The effect of kinetic constants on polymer production and molecular weight analysis
shows that the chain propagation and deactivation constants have great influence on
the monomer conversion and that the chain transfer and propagation constants have
great influence on the molecular weight. This provides guidance for choosing
appropriate model parameters for process modeling.

3. The agitated slurry propylene polymerization reactor is analyzed from the
point of view of fluid mixing. It is found that the principle of reactor optimization is
to keep polypropylene particles suspended, enhance the dispersion and mass transfer
of hydrogen, intensify the heat transfer by the vaporization of liquid propylene and in
the jacket, and improve the dispersion of circulating propylene gas in the reactor. The
power consumption, gas holdup and heat transfer in the gas-liquid agitated reactor are
investigated experimentally. The results can be used to design and optimize this type
of agitated reactor.

Gas holdup: & = 0.0393[(F, + PA)/V]O’53VSO’254

Power consumption under gassing condition: Npg = 7.0NQ_O'O5 0233

Heat transfer under gassing condition: Ny = 0.675Hz"23¢ pr033 pjg0-14

Hz =Re*7+6.22x10°(N,, = 0.70Fr" )R

4. The power consumption, fluidization process and pressure fluctuation in an
agitated fluidization bed with a frame impeller or a dual anchor impeller, cooperating
with orifice gas distributor or half-cone-shaped cap gas distributor, are investigated.
The effects of the impeller, gas distributor, powder diameter and superficial gas
velocity on the fluidization process are studied and correlations between the critical
fluidization gas velocity and pressure drop of the bed are obtained.

0.69
(pp - pg) 1.07
e SEL I Le—
0.38 0.29 V4

’ng pg
AP =1.03%(L,)"" x(1-£,)(p, = p,)

U, =0.083x

As the rotation speed of the impeller increases, the transition point of the
pressure drop vs. superficial gas velocity curve becomes smoother. There is no
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obvious relationship between power consumption and powder diameter, bed height
and gas distributor in the fluidization regime. At the same time, the pressure drop of
the bed is independent of the type and the rotation speed of the impeller. The impeller
in the agitated fluidized bed prevents the powder from agglomeration and slugging,
stabilizes the fluidization and improves the fluidization quality.

5. It is shown that for an agitated fluidization bed reactor, an optimized impeller
should possess a suitable number of horizontal blades to restrain and break down air
bubbles and several vertical blades to scrape the wall and prevent air bubbles from
short circuit. The fluidization quality of the dual anchor impeller excels that of the
frame impeller, and that of the half-cone-shaped cap gas distributor is better than that
of the orifice gas distributor. The optimization policy, i.e., decreasing the
polydispersity of the powder diameters and increasing the bed height and gas velocity,
is proposed. It allows to convert the production of powder type polypropylene to that
of small-sphere type polypropylene in the Hypol gas fluidized bed and to intensify the
time-space yield load.

6. A steady model of the Hypol polymerization process based on single active
site reaction kinetics is developed with the yield of polypropylene of each of the
reactors as a benchmark. Meanwhile, steady and dynamic models of the process based
on multiple active sites reaction kinetics are developed with the molecular weight and
its distribution as the targets. They are validated using plant data. Thereafter, the
effects of the operating conditions of the process such as temperature, slurry level in
the reactor, hydrogen molar fraction in the gas phase and its inlet flow rate on the
process state variables such as polymerization yield and molecular weight, are
investigated. The dynamic characteristics of the propylene polymerization process
under pulse disturbance, process step action and measurement noise have offered
quantitative support to the process optimization and control. The dynamic model
simulates well grade transition processes. In addition, it is shown for the first time that
the mass transfer performance of hydrogen influences the dynamic characteristics of
the propylene polymerization process.

7. Finally the steady and dynamic models are used to simulate new processes
based on the existing one. The new processes are “a slurry reactor and a fluidized bed
reactor in series” and “a slurry reactor and two fluidized bed reactors in series”.
Optimized operating conditions are then proposed. Under these conditions, the new
processes can markedly produce much higher polymer yields than the existing process.
Simulated results show that the “a slurry reactor & a fluidized bed reactor in series”
process is most suitable for producing polypropylene with broad molecular weight
distributions.

Keywords: Polypropylene, Polymerization kinetics, Modeling, Process simulation,
Polymerization reactors.

vi



Chapter 1 Introduction

E1E 2P

CHAPTER 1 INTRODUCTION

Y

Slurry reactor analysis

»| Sensitivity analysis

Fluidized-bed reactor analysis ]

Steady state

Plant data & Modeling of > analysis
sample collection -~

catalytic

Dynamic state
Polymerization kinetics & propylene g \_@\I
parameters polymerization

process Ty
Physical properties . ra elc anse
data collection simulation
A Process
Physical properties modeling > »  optimization

Fig. 1.1 Framework and content of the thesis

1.1 RIGBE=E R

IR RER OIR . BN ML IR WNIRRILR I GRR, RIS IR
A i B R A, R AR IR R SR 6096 . 2004 AP B N
O 765 Jym, HECSIAE] 290 i, HZGEH 62% . 2004 FH LIRTIH i E
T 1000 Jyml, HECEIAE] 480 Jml, HZEE 52%. Tl 2005-2015 4 H [ A
JE T R IR R 5-T%, 21 2015 4, [ 58 LM T S R L 21 1,570 £ 1,880
JIWE, SR T 3 B IR 21 1,450 2 1,730 J3Mf, Fiivh 2015 4F 1[5 2R 24511
HEFFER 12928 400 J7 %) 500 Jymi, SRNERIAETTEL G 400 Ll . F) 2015
T, R ERIAE TR R IT T0%Ks tHAS AR = 2 . R U, B RIA K Rk
M 2004 £E[¥) 1000 J5HEE] 2015 £E () 2000 J7 L, L

A Ziegler-Natta flE (LRI LK, MikeZE E&H RIS TR Wik, H
AT R EEZIBR T 2R A R B s A - R . W3R S 0m A = HoR A T
FEIR A S AH: Spherilene T2, JbBkfL T A LA (Borstar) T. 2. BP AH]
SAHVE Innovene T2, —IHALZE A RMRE KL CX T2, Univation $iAR A F]



B1E 4w

G SMHVE Unipol T2, Stamicarbon 24 7] COMPACT T.%. M 2E/RBIFKA ]
Hostalen 1.2, b2 A wl m ik T 25 .. MM NEA = T 24 BP A+
[1<4H Innovene 1.2 Chisso A ] ) AHE T2 Dow f.2% A w] f¥) Unipol 1.2,
Novolene S AH L2, Sumitomo A T2\ Basell & AMAILETE .. =H AN
JF % i) Hypol 1.2 UL & Borealis 23 7 ] Borstar 1. 2%,

B NI R IR A =28 30 A4, #27 1 EEAMIAR . KAk
Toawaldb e TERA Bilgath, BB R4 G810 25 /4, s EM0L 1A
123 w] LLDPE/HDPE &8 1) — k32 (A 12 Jy /ARy 38 2] 20 Jymi/aE) K& i
FEREFT L) 60 J7miZRE 47K H BP A w] (1) AHVE Innovene T2, #E 1L (LT
(1) 20 Jymi/4F LDPE ¢ B R IR v fx 6 7 A ml i kB AR RPAH 22 7l
PEE L AL 14 JMEE, 22 INE) 7 J7 M E YR IR A AR
ik CX T 2. KH Univation AR 28 Al HAHV: Unipol T2 ER L,
FEONRA . B REES PR ML ORIR. FEEE. BT AR A
H 2R SRR B2 315 /AR

KHEARNEE Y 70 258, A28 EiT 90 £, WA Re 14000 450 77
Wli/2E, 2y d R B EFERE I 10.5%, LR R R &S KRV R N
WA REEA 34 &, AR At 352.2 i /4R, A A\l R AR
A 216.7 JyW/AE . K A = IR SRBEE L2 RAT A4 (115 J /48D
KH Hypol T 24 INEE At B8 O T A A WA T INA S,
WEFERESI N 46 JImi/AE; SRH] Spheripol L2 A &AM, LAk,
T ot THRA A R4 KRG EE R A Pt shulr
At RIEWREA A, dbm B -, SR 86 JTmi/aE; SRH
Innovene “AHVE T 2B/ KAMUANAA .. BTat, BAERITLAN
48 Jyi/ A,

1.2 B IEMARRERX

L TAPARDLIE A B S N RE L A bR i £ ok foe AR
FHESARIC I RIGIEBOR . FE R ke A A BAEAS P 5| HEROR, [
WA R E = B BN, 29Kk ERESIRE. AR, SR TEL
R GIRERGIRE — %5 — 5512 — VR JE R A . Tk, WAL 21—
SEREIE B EA, (B ARSI AL R IR E, AR R A L EPRfE
I TE ik 5 AR B AN G RIEAR 29, BAS AT REM IR B S K

TSR IX — R, F 2T R B, B AL Wl 80T, SR miAf
ity WA WOB H 2 EUBSUMIFIURSCAS , AR B IN T] P9 4 0 55 1 5 S5 E 7K1
ZEB, S DL i ESEEERHA N SRR R fE . BB S H RS 45
BT BRINZIA, B LRI WIEOAR, 52 ISR R D A R B g 72 .

2



Chapter 1 Introduction

I SERE B P B A 205 S EAT B A= S B A T A S WO
B RSO SOE . TREREAE . SORBER EE TR Mmoo mn
PERE TR S BOR, Sl S AF A S IV R AR B ORI LB, IR
Hehti b, PRI REE AR, SR E AR AN B A S ) S B R A
Lot BENEA BB UE HUBT I T 20, SRS R) T2 B AT b 5835 fig
W T A IDAT AR B g, T RS A BRI, SRAG IR L IR 2L
YT, SEOTREREAE, PR, ematt, IR s 4.

S E (1 M e 9 2 ot D e K BIR 2 R B o A 25 e L T A R s 2 4 i
e, B T SOV e R P AT LA & SEBL e A 1) 7 b ke B T R T 42
Fitko DAL, Sefias KRR SR TT A s 2 AN LB AL D ki, L E 46T
B TT AW FI IR I IR TBOR, B0 TBOK, X e W as BEAMRAAT AN, A4
TFRBFEAG BORTE o RIS SN g T LS 2R B 22 A
BEAT MW ZRdr s $eM. itk JFHIBCABATHIR I RE . S a2 HI 1 I
N2 BV 2R T S B g UL A AP 0 B B gy, AR 3 2
BAEHSE LU RAE SRR WA B R CRIAE R M T, S5 T
DRI Dy o SR 5 BEBORIASEAT (LB N s . CREUERR R R 5 280 21 8k
PEACRTRERAL, AT REE SRR o T [R] 5 1 BE ) B N s AN e LU B TOR, 28Kk
AL P RS the B8 T A S 4 (R B v AT o e 2 R R R A
7 5 Fof e PR FH AU EAL R A IR A% o o

Schr b g1 EE R SR e 2 R B — B AR T BEAL O B R g
(DCS) o (HiFHike S I Nl A e BE R oM R PR e B AR et LKA
AR H bR PTY R R R HAL S GVE I R BAE I i (MR, 2 7R , H
Hi ) DCS 2 HURBR FIREE . Iy SN ) S H i, AGER 1 A0 R)
SRR, IEARER IESEOUR S W) TR AR 2l M AT (APC) o SRR EAE
TR AR AL

T S R AR R R P PR A 3R A I AR AL S A A KR S A S
INEN 15 2 RBER G I AR IR AL . SRE WA R S M PEREM R R AL K
R SR A AN TE 5 SRS S N R 1A% 22 U T 9o TR ) SR VA
TR T RN TRE mr TR SRR G TR 2 AR A SCRIR A
MG SR A e B RE R A M UBERT S N Bl 154 N T, 37 Ziegler-Natta (LIRS
) 203 PR 0 e N B g SR R S e AR I R Ve T, N5 AW
(RS2 AR T 2 S B AERR SRR L S5 WIS SRS S s S 3
AAI TR e, WG SRR A TSR 2 NS H G N ARSI O RESE 451, A
W H AR R () SR IO, SCBUR S IR AR LAl s AR Bh TGt
A A SR T B, SRR S RO A B iR AU S5 A v 557
20 IR AR T S A R R



B1E 4w

WETTR, R EE N E R 68 2004 4527 1000 J70E (Tl 2015 4E#
i 2000 JymD) , HAEREDFEH E T EANKT, R ER & Bl Ak 3
ARFG =Y N LA E 2 BRI

1.3 SRR ST ERELRRAR KR

(1) FREVHERERBPDZVHSBERIRR A E SRR
BEEER . X2 tH TR G R RPN E %, TR ZR AR RIZE R SR Y 5
AR iR . WIS R Em o A AR I, BLRA Y. R
ey KILREVIMEEE (. S AR R RIS RV
e, DLABER R AR R . s ) BEARIEEND .

(2) BERMNIENERE. X T Z-N R REES W8 E g, of
SCHRFRTE ) EE T 25 03 0, Rl S T2 5 OB ATLER P 38 B b SR G R (1)
B )R — HET A B I H bR BRI R G2 E, 256 TR & h
WG RNVHLEE, a8 )% RE TREREEAZ W, @) X, &H T
R E R AR MR T AR L 2EAER MR ARG R NI FE I 52
MR s AR SR SR BB BRAEEEE e BN S BOUE . EARVEE B )T
o

(3) HEREEEmEBRM VR 75 s 2 A6 H bR,
RS T2 B B it o AR e U & L P-ANRT RE - A 20 7 ik 2 @S H P i R
br ChfaRbis g M1 45D . REMait HiEae (e« RS GREE.
H 55D Z I HIAHN R A, M A] HAE el i S (i ). %
JE5E) , Siaortiidl, SCLREGW R TELAL T (TR« Bl
ST RGNESAT AR GhASEh IR, EHEAA BEN T 2%
PR Clnhi 5284k FIPt R ETHRE

(4) BERSBEER AR KRB, RGNS EAEE R AE
FEJE s AR I R Bt RURCRAEAEA D A, 3ELCR g — R i e
B ARA IR T 22 R R RFAE o YR AR PR RS AT 5 A AR ke S 1 ) T 2 B
TR 20 A 7 sk R R A AR AR A A0 SR T ASEALL R ARAL () SR AR T B4 T T 223K o 7]
I 25 e AL BRI O, — AN % S ik FEASE Y (R S vl Ak 3] B 7 L2 007 4
MEEBRHT T A R, XAE 1) o] S AR DAl e (1), o st th 5
FEEE S THR B FESE T T, EROEZ A R T E AR, R, TR
FRJECAF A 77 i B i = o T e NVt R, SR I A AR 38 FH O R A A0, S A4
(i Aspen Plus. Polymers Plus. HYSYS)H-ANfeH L5800 48 S N 1k F2 i AZ oM LB
G AR P SN 1 R SRR T i FRIARSEAEL 55 DA 3 A A



Chapter 1 Introduction

1.4 AR HES

TEXT SIS TR M R AR T i A L AE IR 6t b, DIACER M
[T TR I VR A AS AR SR A VA SR A BRI L 20 R, A b 3R A28 1 100 A1 B0 T M
WAHAAR IR G SN A WA SAHSR G SN AR AT 1 20 #rs WE9T T I SR & S a0k
RIS PR v AR S LS H0 5 J7 1 IR IS 6 I N I R P A AL AL 3R
SNBN )5 NTF $EST Ziegler-Natta {46 5 G 10 2 7% PO S N3l ) 29 A s )
TR R G R B A AR A, Ao SEAn B, AT T RURE AT BE RS
B SRR S DI R A . (S W 1.1 .

AN

BT LR T Ziegler-Natta LTI A &, IR T HUB PN GRS L 2%
RO AR G AU AR I [ N AMIF ST REAT T g, WA T H AT AR IR
BRI AHE R

0w B ER A NAR R, T N — S RNA R RS
PR T, IS5 PC-SAFT ARy RE@E S PE v AR, RSk
HABE AT LR #r o

F VU L9 HT Ziegler-Natta fiEAL MR SONALEE, #€ WG ERG o0
BN e FL A 6 [ SR Bl ) 5 8 B R NI A B IR BV L o 404 2R AT AR A°F: i 1)
93 T8 K AT A e AR R IPIE PR 2, 0 8 ) 2 S E AT U R o
TR ZE 5 1E SR

W N SR SR RN A TR, AT T A BRI BFE D)
BRFIE . AL 2

HNE s DR IR R AR R G SO s A 52, 0 HE 2 R R ADOUZ
ABFERAE R TR D 2. WAGRE e R WK TS, B8 AidE. Ak
AIATAR « WPRL ELAR S AL R 52 M A A

BT KRR RS N IR AL LEE RN e N 8l )27, 3T Ziegler-Natta
HEALZR A 1 2305 1 0 SN Bl ) 28, SR TP SR 520 B IR 25 i A 2 i
T SHERAESAE . BhARAPE WS PR DA SRR AR A HEA T AL, 237

SNE: XNARSCHAT RS, SR PR R AR L



3
il
ﬁé\‘g
>

WS BN a3 70 Hr
AR E VAR

A 4

l

IR ES
I A

B k7/ds
LAETIE S

A

RERRDTER T L

I
T
Polymers
Plus
i)
5]

=5
=

SR OE oM DM

A 4

R E > By

¥/‘\

A 4

\4

A 4

S DAL

\_/_\

BI1.1 AR SIS P A RIE 42

J| AR fR

¥/‘\



Chapter 2 Development of Propylene Polymerization Processes : A Review

F2E ABREIZERALRE

CHAPTER 2 DEVELOPMENT OF PROPYLENE POLYMERI-
ZATION PROCESSES: A REVIEW

[Abstract] This chapter reviews the future trend and the features of Ziegler-Natta
catalyzed olefin polymerization processes; summarizes the main results of the
literature on this topic; and points out the challenging issues facing the modeling and
optimization of these processes. It is concluded that the future trend of olefin
polymerization processes is: (1) to best take the advantage of high activity catalysts
and particle reactor technology; (2) to use processes that combine slurry and gas phase
reactors in series; (3) to manufacture polymers with multi-scale micro-structures;(4) to
model and optimize the entire polymerization processes based on rigorous
polymerization mechanisms and using polymer molecular weight and its distribution as
targets.

Concluding remarks

As catalyst technologies and polymerization processes continue to develop, the
properties and quality of polyolefins continue to improve. The use of the fourth
generation of the high activity Z-N catalysts together with the particle reactor
technologies has resulted in a variety of propylene polymerization processes such as
Hypol, Spheripol, Borstar, Unipol, Novolen, Innovene and Spherizone. The future
trend will be to integrate propylene slurry polymerization processes and propylene
and ethylene gas phase copolymerization processes so as to take the advantage of the
high time-space yield load and good particle morphology of the former and of the
good suitability of the latter for copolymerization to manufacture polyolefin with well
controlled molecular weights and molecular weight distributions, copolymer
composition and micro-structures. Thus, modeling of polymerization reactors and
processes should include both the slurry and gas phase polymerization processes.

There are two types of polymerization reactors for slurry propylene
polymerization: stirred tank reactor and loop reactor. The latter has higher heat
transfer efficiency, wider hydrogen control range and higher time-space efficiency.
Thus it is urgent to improve the performance of current stirred tank reactors. All
patented processes use gas phase ethylene-propylene copolymerization reactors. They
include dilute fluidized bed, concentrated fluidized bed, vertical agitated fluidized bed
and horizontal fluidized bed. The goal is to increase the polymer load, decrease the
amount of the re-circulating propylene gas, intensify heat transfer and increase
time-space yield. Feeding propylene in a liquid state is an effective method to
achieving that goal. An agitated fluidization bed is a good choice if particle
agglomeration is to be avoided. However, systematic studies on such polymerization
reactors are rare.

Olefin polymerization mechanisms, polymer systems and reactor design and
operating conditions are complex, coupled and highly non-linear. Moreover it is
difficult to measure on-line key variables necessary for the optimization and control
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of the polymerization processes such as monomer conversion and molecular weight.
The design, simulation and optimization of a polymerization process depend very
much on the development of mathematical models for the polymerization kinetics and
polymerization process. Many studies have been devoted to this topic. However,
modeling and optimization of olefin polymerization processes have to integrate
polymer chemistry and reaction kinetics, multi-scale polymerization reactor modeling,
characterization of polymer structures and quality, large-scale model solution search
and optimization calculation, process control, etc. It is an interdisciplinary field
involving polymer chemistry, polymerization engineering, polymer material science
and process system engineering, etc. Thus far the research results are far from being
satisfactory.

In the Chinese literature, the description of the polymerization mechanism and
polymerization reactor characteristics is oversimplified. For example, the effects of
multiple active sites and molecular weight distribution are not taken into account in
the polymerization mechanism; similarly the effects of the gas-liquid equilibria and
the gas-liquid mass transfer on the polymerization reactor characteristics are not
considered. Modeling methods based on neuron networks further simplify the effects
of the polymerization mechanism. While these studies may help improve the level of
control of existing polymerization processes, they do not help shade much insight on
the fundamental understanding of these processes.

In fact, the melt flow index (MFI), a control parameter that is frequently used in
the industry, is a very crude and semi-quantitative measure of the polymer quality. It
can be affected by various parameters including molecular weight distribution and
copolymer composition. Parameters like average molecular weights and molecular
weight distribution characterize the polymer quality at molecular level and are more
scientific and objective than MFI. This is particularly true when it comes to
polyolefins with bi-modal molecular weight distributions. Such polymers have gained
more and more importance and cannot be characterized by MFI.

An olefin polymerization process is composed of several reactors, separators,
mixers, etc. Local optimization does not mean overall optimization. The latter is more
important. For example, optimizing various qualities of a product such as MFI and
density from one grade to another should take the optimization of the entire process
and parameters during the grade transition.

In order to develop an accurate process model, a good method has to be
developed to calculate the thermodynamic properties of the system. This is not easy
for polymerization systems.

Thus, to optimize an entire polymerization process, it is necessary to develop a
model for the entire polymerization process based on detailed polymerization
mechanism and reactor characteristics and to simulate polymer qualities at molecular
level (molecular weight and molecular weight distribution) for each of the units
involved in the polymerization process. This is also the starting point of this thesis.
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Table 2.1 The development of catalyst system for propylene polymerization

Catalyst . -

all tacticit e

Deveeli)il())r(lllent Catalyst system activity ISO;:;CI Y Specification
p kgPP/gCat °

Irregular powder
1%(1957-1970)  3TiCl;AICI;/AlEt,Cl 0.8-1.2 88-91 Need of purification and
atactic removal
Irregular powder
2nd(1970—1978) TiCly/AlEt,Cl1 3-5 95 Need of purification and
atactic removal

TiCly/Ester/MgCl, No purification, need of

rd

37(1978-1980) +AlEts/Ester >-15 98 atactic removal
TiCls/Diester/MgCl, Particles with regular shape

4™(1980) RGT +AlEty/Silane 20-60 99 and adjustable size and
Granule PSD.
TiCly/Diether/MgCl, Particle with regular shape
+AIEt; 50-120 99 and adjustable size and PSD.
granule Designed

To be improved. Particles
with designed distribution of
both olefinic and
non-olefinic materials

5™ Metallocenes Zirconocene +MAO  (5-9) X 10°Zr 90-99

6" MultiCatalyst ZN + Single Site

H Ziegler Al Natta [f] &I LLE, S EVF 20 RNAM D538, A7 T K
SRR TN AL A= Tk, ARHE T R M)E Ziegler-Natta AL IR JE. £
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AR (RGT, Kl 2.1) o SR SeAef A 2T AR AE R A, 1 0 ) Jk
O R JE . KRR, AR AR 45 F 5 TE AR R R %, e iAE [ — AN
FL A Sk i SEILA AL SR 410y« ARy TS 2 )2 IR A FIH 5, IO 5 R
EFERIN AR BRI . KRR, REIT A I TR AHA. mames®
I — CIRILRAHAR . e — et R LR AR N LA SRR
(Catalloy) , fFEIIEIINEREAR MR,

Catalyst

Pre-Polymer

Polymer

KI2.1 ISR GRS B2 R (RGT) H B EHIHLS
Fig. 2.1 Replication phenomena in RGT
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22 WARREILZRAEIES N

Ziegler-Natta ALK A JE, ANWHEdE SR TN AL = TEM L. &—
PARALTA ) AR G 1S T I S & TR 08T o kT 288 DUAR e P e A 7 R R
SOV AR, TR T 2 BB A #) Hypol. Spheripol. Borstar, Unipol. Novolen,
Innovene. Spherizone 5 NG K& L2 H AN,

2.2 WA TBMBNR L T EEAR

Table 2.2 Main propylene polymerization processes in the world

Patentee & Technology Reactor Phase in process

MPC, Hypol Two s'lurry reactors+two gas-phase reactors slurry—+slurry+gas—+
in series gas

Basell, Spheripol Ee\:gt(l)(r)op reactors + one fluidized bed liquid+liquid+ gas
Borealis, Borstar One loop reactor + one fluidized bed reactor liquid+gas
BASF, Novolen Fluidized bed reactor, in series gas + gas
DOW/UCC, Unipol Fluidized bed reactor, in series gas—+gas
BP-Amoco, Innovene Horizontal stirred-bed reactor, in series gas—+gas
Basell, Spherizone rC;sz)ljr fluidized bed reactor—+fluidized bed gas+gas

2.2.1 ®K4EE Hypol TZ

=JFuith (MPC) 5 KIS % (Montedison) A Wl 515, K Z L. KEHE&
A TICL A AR, W TAREER IR — 55 T BSFIAMA M Tk Kk —
AIEIIC G S RN TR 2 97~98% , MgCl, fh & fbdw i P14 1000kgPP/gTi, HiG
PRSI, AT TR A ) 7 AT R AR S G e RIS e ) AR
(s A (HY-HS-II 457, B TK-ID) o [ A0 070 58417 SR FH 3t
SRR T2, H ORER I BRI D> B A TR A, RA &
A d = 5% i .

BT TK-IL AR, MPC JF T AR O AR A4 5 G i 288 AR A
PR FE: (R SRR IR B 2% (1) H B 1 SR T M % 2 A4 7= Tk A R —Hypol 1.2, /E
P R H AN T U AR . A P ).

Hypol 58 A5 1 2] A 77 20 i SR A0 oS40 5 200 3 TR 4 1 B8 £ 23 P B ik
1To B, R BOT AR S, XM ERE T REJA IR m i R NV IEE ;s SR
Je AR R R IIE NGRS I B S AR SR A N2, E A SR I AT I R,
BSWIRZE AR RN A=k B AR A= i, B = I i gs R R A 0k
FFRE IR N AR B AR R 5 DY SN, 55— BE B 1) S RIS I B AT ik B AL 2R
o AEFR TR S NI IR SN B EN , SR A P ISR Y, il
A G AR SN g, B R M N s HERHRHEH o Hypol 7= 5 44 il
MANTEE (MFR) July 0.3~80 g/10min, HARFiaP 3L i L& ik
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25%wtl',

Hypol 3PS T WA A P 38 4 S M BB 6 ) 3.0~4.0MPa, % I3 FF
65~75C o AIILIN 48 B ATV S IR R s T A I R A 4
2 R BRI SV BT, VAR PRI e 50 BB s 93— 24 28
FOPRH P RIS TR0 H AR I ML A S BRI, %8 AR
s BRI RO AN AT 307 L B A BRI URL . e, PSSR A
BA R R MATAS EB R W [ S A R 5

K F1 SR 2 I 58 R N 8 UM A I % o T Dl
b, TP RITORE R 5 P B A0 2 S e A D Ay, DR B E e
PRI BB T N ORI R B AR IR B B A S PSS . SRR
P IR A Ok, AR D, 0K AN B B R T 3 T . 40— AR
£ B BRI ) 1.7~2.0MPa, JTRERLIEEL) 80°C: ke A e (017 il
G RN ORISR A S R IR ) 12MPa, RIS T0°C, A
S35 B PR 94 B2

RO A B AL PR R I B 0 T BRI, S T e PP I 2 R %
TR A IR PE ST R R . TSR AT B, WP A e
SIS LTI G R, A 2 (U R TR iR, L B S LA
Hypol FH ORISR £ LML A S M R T R R T U B, 95704
AL PR DK S 1A A B BRI T 1 DY, A A BT 25 Tl AL, B
BARB AN R 1 FoRm, B0 0.7 B 10 [0 i
BN B R 28 AL PR TR, KT EEFRA RO ANT: 0.7 B4 ARG Pa l
F 4 e TR FL IR A o AT T A 8050 R 4 R £ 2 B L LRI 197
AT BT, TR 7 11 5 R Y T B 2 A R e L %
S AT B P B P KL DA IR BT 1T DU = A0 E B . KR TR
LIS ST T BH0B0E, 7O RO E . SR R 46T,
BT 115 [ S e AR B 5 T8, EL RS 0 15 B 4 6 4 B I 2
PRCTIEE, A U SR A L),

MPC 7ETF B BOH B O T, Ol T ROMRER A I S o7 2 1
Shtfe, TP T SRR . B IRAO VIR e S SR IR A R
IR, MRS, TR, BRI AL I OB LR AR,
I A S T PR E I S 0 B A R M . = L 5 A0 L PR T BT T 1
.

5O A R NS R T MR e 1S), b B S ph o SN JE B R
T AP TR BB ON 0 LB I, BRI B A = B, /D
B A7 1 S R T 18 BRI, B RURTR MR, T
SRE S IR S A A FERTE . I A JE X T EL B TR b 1T
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HAERE BT IEIRZ A= B AN 2 B B AE Sl b AN BT, 357
A T W PN JE RS, RS R AR A AT . R KOTSRS AR T A A
=, ANBUA AR T 1 S R T B AR B N IR A A R A
AL R et B

BB A RN AR T HER B R RO, AR B E — AN KOs AR
20, P — X T R I SR R T LR ALY AR AT IR, A
Bk, rhU g SRR I 1545 [ BEERIOBEIHE N 11 /s AT, 2
B sl B KT 2m/s B8 B PE BB 028 5 SR EE I IS KT 60 FEI, B0 ))
SAF IR A WIORL 1) A B T 5%, A B B R T il — AN MR A RN O 78 3 ks 1
Zo

Hypol N4 L2 1 ik

> R R LR TK-IL, 35PE 1000kgPP / gTi, 24544

95%~98%, HHEARKMFFEENE
> G BRI R RGN T BRI 1 B e %, (HEE AR R ]
Yo (H TK-I AL BN FEANZE P, RARE R B r= A= 4nkr, A
ARG EE T 12wt %P LR Y.

> N BRI 2 G RN A T AR RIS o B, TERE
K. W% E. BT RAE.

> WA SN B A NG R R ABR R A I A, X RR R G NIfE ST dE N
A EEPEAR AR

> WA ASARER G R I T MR B — A S 8 1 s 8 b AT VR
t, PR T REmVEAE, HERIR S NV A7 BE.

R B A R TR R A IR KNI, T N T 23/ e 2 5 1)
BEW P AR E . BAWER A IR R Bk, KN YA, IR
RN TE CARE . AZEY) , AMUAERR T2, mHILRS T Z N an
Ut WIERAER AW HITEARAS RSB AT BRI, R RS0 AR 25, ity ELP- 3 itk K
ANTTRLER ], AMLBERSE T 4, 0 H T AR ), SRR A B T R
REAR M (B s T . TK-I AR A RS L FIR4AF, (HRERASWHRLE
BHUR/NG> A A1 Spheripol T2 LR EAL . HTRAGEREPAALELT¥), Hypol
TERSMR N “FHmS” , Ve B TR IE, b
Kok, R R S P R B A LR . 2B RE ) T0kt/a 25, 25 I N A% 1)
AR 32m3, 32mP. 109m3. 161m>. AL D FIa B s, B
SEPRA PR RE A F] T 110kt/a NN .

2.2.2 %=StA4& Spheripol TZ
Spheripol T2 Ao nl SE MR A T 22—, L4k, S5i4h
FEARANA] (R AR AR P ok b 2 R BROE, Rk kK HI5), n]LASEELER S AN IE
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Fit) "o Spheripol [ 2R ] B BN Jie WA 257 S8 N 2 SRR LR W
TR A BN A S RS R P H IR Yy, TR i 2250, Hi
CZefE Bk 7T 100 44 E

To flare

H O
— .
Cooling water

Ethylene

Propylelr_re: — Nitrogen
o 1

Catalys

—
Cocatalyst P\ _ ﬁ Steam /@4

Prepolymerization

(L oL Tethylene \\T/—_’ S \lj

M U Propylene Production

Loop reactor Fluidized bed reactor

1£12.2 Basell [ Spheripol | Z i e
Fig. 2.2 Spheripol technology for propylene polymerization (Basell)

Montedison F1 MPC FF /& 8 H iy 3 4 26 DU AR I s fi Ak 5% (HY-HS-ID 5,
ETFH—NRBETEEARI K. A2,
> RHBES TR G MR UESR G W s e vk, B A IR i s
B HIBAT B
> TS A % (50~100gPP/gCat & W &y, AR 2 —
3gPP/gCat) , H&myiE N B — SN 2 1) 4 A 77 RIORE i i
> RH NI N 2T NI AR R G, HA R A 2
. (400kgPP/hr.m’) AT S B g AR ELES /I . B0 /Do N A B BUIN,
(IR, RO, PR . U N AR AR TR B T s
EREEE, BH N SOV CE AR, HARFRGUE R (Tm/s) , K
BERARBUIRE GE 1600w/m.C) o ORI S (>50%wt) |
BRI = (50%~65%)
> TR HIA HK RS IR BRI IR ) (49 1.8MPa) I A 8K I W g
P, NI SR IR IGER B Ry 2%, A BEFE S R R 4 b
> R R BLAS A B S SR AR IR AR, 25 R
Spheripol |- 2 A = ik BE LSRN AR 3R 5 1 AR e — Aol a7 U R 8 1 A
RERNAE, NV 65~80°C, KN HJ) 1.1~1.4MPa, {5 INf[A] 20~40min,
B = BE 70~80% o 1 TAHZE A S g v s A — i AR A X e R, T
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BRRGEY, Bt i) L EHEH T IR RS o 7R N 3s AR AR, 3
JEEEBREA AR AT, S0 AT BOE AR R AR 3 Sk SR g o A A B
KRR Z —, EMSARD A5, Rl — RIS, 75N A=A
FEA, RN T N Akl A XSRS RNVEATIE, R
SR EI AR R A UEAT SREER, P AT e s v R AT I

HAPUT R TG E BRI (LIENIEIEERY), EPR) & & % T
FRIEF AR, R Z A (B SRR FE 3 SRR 18 28 iz oy 20 AT
Jii 2B R HTAG AR S I 23 SR REAA b, R PR AR SR B S N 48 A2 Foe A i 14 7
o AR AR RAAEAEROAR AR, WIS SR IC KRG 45 AR RE s WAH SR
HILRZ LN R G IR EE M, AR TITRR K, 4K 2 B2 s N AR Rk 0
KA OBURLR AR, Rk Z A G4 s CIRILER I IR N AR, [ WY
JIT T LS R TR, SN BT DA R

Spheripol T 2L Ak I FHE ST UMM T SEHURL - N A2 B 34,
HORL T AN R AE RN RIS SRR PR AR (2 2mm) , HRAR A R4S
AR, kL S EkE, WshbELr, HERUSE S (450kg/m®) o [A, Spheripol
TR R F Z A AR, AT ERA IR AE 52| AR
B, WALRARIREL Hypol T EMI/MRBZ, N g4I 4577 %] i% 80kgEPR/hr.m”.,

Hr—AX Spheripol T Z K KIATE T L EHEAER 1, XCAMEFTAHZA 56
i 2B P X oy A S SAb iR PERE I ZR . O, Preb L=, YR MFR 4
1A 0.1~2000g/10min, 7= & (IR BETE BRI S . BRI V251K 6 ) A 3.4MPa
P 2] 4.4MPa, HOCHWR R T I N A% NI IR EE, 45 ErB e Tk (-
I — TRV — D) ORI T DU g R mNIE . TR
15 3.2~12 Z[AIRF ™= i, NI a1 78 i8S &8 2300MPa.

2.2.3 % =StA4& Borstar TZ

Borealis [1t) Borstar( 4t &2 XUIEO B A K 1.2 1998 A4 TG TT % » Ui T Borstar
WUETE 205 T8, R BN 28 FI A A AL IR I N g AR 4l & (| 2.3,
http://www.borealisgroup.com/) o /NAEHKHL (20~30°C) TRV N KIANE W]
MAEBE RN, RNV 85~95C. RN 4] 5.5MPa. {5 B4 i [ii]
0.7~1.0hro &5 AH S N 22 11 [ VL 80~90°C . [ W [k Jj 2.0~2.5MPa., {5 By I
(] 1.5~2.0hro 5% —AH S N 3 B T ARRCAH IR & B

Borstar & A T 22K ] Borealis [¥) BC1 &AM, BEU8IE N RS
WLRE BEREAE P2 1o a0 A AR A (1 PRl i, AR AR P AR 5 3 A (R0 7 i,
FEIITREYIFIIL ) o

1 G 5 T I 125 AU AR A4 SR 5 80 TR s (D s T DL AT, SR AT o
7t 70~80°C . Borstar . Z R W A8 AT AE =l (85~95°C) Bl I P A i I
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A FHAE, M RIS R TR
Borstar 5P 1 2 LA LL R R 1120,

>

KA SR T SR MgCl, S b 7] (BC1) , 80°C. 90°C R
T ME 2> ik B 60kgPP/gCat il 70kgPP/gCat, A= i o AL 775k 43 Ak
AL

FALLF Spheripol T ZHIHE HMAKRMMEL A, SR M2
R A NS RN 2, A I 28 i AR A b 789
Fem. N BRI AR R AL RIL 80% LU L, PRI IR AR D
FALT Hypol T2, SAHRALIR [ i ds EEA Y KB A BRI .
I R N ARG A N A, AT NG IR BE LT B BR . A
B, AT DALE SN2 H AR P AR s PRI 8 4 R i SR AR I
RERE 2 7y TR AT AR AT I B = 0, B AR ™ IS S A (P 2R 5
SN FEAERRI AL b, b T eI SR AR, RS, ot
T h LIS B Ik 10wt %,

REfs 2B = T SR A S BB SER Y, A IR A RNV IBIR &
25%, W& HRICILERA IO AR IR & & T IA 50% (L4047 & 30wt.%),
P al TR P TR 28 P e T A o

Gas phase
reacion
=, Gas phase
Loop | reactor _
reactar " |’ ' 3
ko
Catalyst J ' J -
3] ! |'f"-' e
i et N Praduct
Propylena | o i
Camonamaer == [ 1l | S
Hydrogen e s

(From http://www.borealisgroup.com/)
¥]2.3 Borealis [ft] Borstar T. 2+

Fig. 2.3 Borstar PP technology

2.2.4 5#%H Novolen T&

BASF A\ ) g 5T S ANER WG L2 HEARKIT R, 1962 “EIEK T Novolen
T2, 1969 4F ST T 8542 25kt/a TMVALEEE . 1990 4 J144 44 ] Himont—MPC
[ HY-HS BZ30b3], J6 k48 T BASF H CIT R A EES A & im0

PTK-4.
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2.3 PTK EALAIAT MgCly ZARAEAL I LL AR
Table 2.3 Comparison between PTK catalyst and catalyst carried by MgCl,

Item PTK catalyst Catalyst supported by MgCl,
Controllability of polymer . L
morphology Control by carrier Control by prepolymerization
Content of CI 30~35% 70%

Activity Low High
Price Low High

PTK-4 fEAGTIK) T2 2R o e [R5 C 0 A [ F) B PR A 7R R 37 A4
AU s o R R G, AT BT S, Al UE RN 2 S b
e MRS ] RGO 5 23 1 RS s oy 5701

Novolen T2 ¥ MR TAR 2R £ 2 ER A > sl S A R a7 S (14
BeNigss, G 2.4, n] LAY R RIUAE R S 0 it A7 — AR R, FIORAE R &
g% b AR RE R S R AR SRy . o O Al BERESS, AR T
PEFERN RS E M r) L, S RS AR PR A (R 2R S ORI A 24, IX 3 R4
AR S H Ko A S B8 IRANEUR AR, S Wias RO IRk, ok
FATBUE A A AL FE 1) o

To recycle?

Seperatoy

powder 1st reactor

| < tondenser

4|

catalyst——»|

hydrogen ——{

propylene ——|

TC

> Recycle

polymer
pump
To recycle ?
Seperatpr
2nd reactor
powder
hydrogen > condenser
propylene——
ethylene —|
}mpressor
product

/2.4 BASF (/] Novolen | &l

Fig. 2.4 Novolen PP technology (BASF)
FEA P RDIINAE T — &, A7 O E AR BOLR YN, W &
PP Rk o P BN st BE V)40 A T IR ER AT o vt RO A0 156 P iR T 457 B I
i, PTK-4 fALFIRI—¢G 75m’ [FRV 3, 4EAEP“RE I nlik 180kt/a. 53RN
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MFR 75 [ 0.2~100g/10min, JCHILERY) L4605 8 6wt.%, Pt ILBmg s &l
ik 50wt %, A5 ROV 60~90°C . s/ 2.5~3.0MPa, LI Wik 50~70°C .
JJ) 1.0~2.5MPa., 55— O 8% I S il P AR EE A B AR TR 28 . A IR,
PP SR TN, VBURH FRAA TR 28 R AN AT Ay 2 O AR, s T A s W IR A B oK 7
A 3B RN AR FEIA CIEFIES, RAER AR, 1HHS
4] 5.5kg/1kgPP.

2.2.5 S8 Unipol TZ

Union Carbide(UCC)I A Z M H AR B ASERATSE A P, 15 %ML IR R 207
1 TREORN A I8 AR IR [ N #s IR AR F= 256, SRR Shell A 17ETF & 1) SHAC &
AR, TR T SERERY Unipol A T. 2122, 1985 gt 1 TV E . fE4:
= ] R R ML B P P - Chittp://www.dow.com/licensing/what/unipol_pf.htm) ,
BFELIZEY) (MFRO.5~45¢/10min) « JTCHMILERY) (4455 R 0.5~5.5%wt) « Bt
ALY BRI & 35wt %) .

UCC A #)IAN Unipol T 2477 MFR 7= 5 ELBOAH I N g B 5, HIE
A A SN 2 T AT R b 1 1) e R ) AP B o Unipol T 2Ry i 45
ERWG &5, BIMG. B ERHE1T %4>, 2000 4 Dow I T~ Unipol T2
Bk,

Catalyst

ineral oil

Nitrogen
propylene

Electric donor
R cocatalyst
nitrogen
: reactor o
Feeding line
Copglymerizafion
— | eactor
seperator
H2
cthylene_ Iy
compressor  CWS
CWS
propylene cool:r_ﬂ_@;
steam dryer
compressor
P p
CWS Transportation spot Polymer

powder

€2.5 UCC iy Unipol T35
Fig. 2.5 Unipol PP technology (UCC)

2.2.6 5#8 Innovene T2

Innovene N T 252 1999 4EHTY Amoco SAHVE T2, JL# s SJE R
FH T B %00 CD HEAL SRR I 4 00 P HER IO B U R R S N g, T IR A
BEFEAG. I b B LR 2 P e 2 24,
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CD AT LA SAE L2 R s R it . AREIER G EH
FEHE NN 2%, AR o e ) 5 e T A 1 B, T 2 R A
s AARGF BRI ¥R HIRE 1, 7 WL A%, Ky Rbm sl tE s s B s vk
(25~55kgPP/gCat) Fll ik £k, 7= Wb AR R S A FR2(99 %) s ¥ W™= il MFR
3 0.5~100g/10min, JCHIILRY L0 & & T~8wt.%, HLhILRYIM L0655
5~17wt.%.

Innovene T- 23K FH 2 & B aCUHE G S W 4% B BC A T 200 R, W] 2.6 1 -,
AR IR A B 2 B S AT T T 2, IS A Bl 1) A S B P 20, Bt
F I 10~20rpm, SEA PR T 40E SR LB G T A . RN T R T A
VOB 5y, HEARWS S R, G YIR ] R RN DL B, 2R
E R G, BN R A X, B R OB R .

PEIRBAR S 20 TR RN AR BN SR A X, XA T 10
SN T IR ASRON R IAR B, AR 23 T4 20 PR A B E R X3, A X3y ]
DA AN AR SR 53 o B AR MBS R B A A R ot CanA e ) 28K
R, W R AL ) E T TSN SR A X, AR ROV AR &AL Bk
W RSN N AR TR L, /KA BEE IR R N 2%, RS IRl thgy
6:1, FEHEBGH A EEA T LA I TR B AR 22

Ta recycle

propylen
cocatalyst ™ seperator
catalyst
-

H, -

|

1st reactor

I

] C&,éjﬁ N,
Y
2nd reactorQ”—;'—“—E>

Product
1£]2.6 Innovene S AR S | i

Fig. 2.6 Innovene PP technology
LSS I R A SN A8 B LA B R R AR 3, 45 B I TR 20 A28
AF-FHER S s, PR RIS T 250, 77 B Ao F 8 B s A5 B IS 1) 23
AiFH 2T 3~5 ANATTRZE R, AN IR SN 3 AT Ut S 42 6 5 17 2% P
AR AR, IXMRF PR T8 R G WA e AR A A, A P 3R Y,
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PRI S8 B B YO R P S8 s 1 AR e PR A R R P B 1~ 15

CD fEAANEEIZ IS, XFEHA L P45 58 AN RNAS INAFIS R FIHE AT o
A I A A R N BT PR~ R A B S, AT AR L /NI P T T R AN 3
N A RGP o ~PHEGL S B I () 0 AT A 2™ s D) e phoade . i (e, g
AR D X T2 AR L APC 2l R SIS AR AL H T4 (1) 7 2 42 1l S ias o e o 3k
HESEIR], T AFERRS )35 8 .

R N AR I 25 P R AR w, 200kt/a ZEPBE R R, RN RS AN 79.4m,
SOV E 65~85°C, W) 2.0~2.3MPa, {5 B E]/NT 1hr,

2.2.7 =8 Spherizone Fi T Z

HTLE Ry P B A 5 20 M R ) — AN R R AT, TR B0 IR
Skt BRI T T, HET IR T AT AR A SR A S A B () M e K BEAAL
DL 73 5550 2 AL SE 1 e A TR SR o SEIHX — H AR IR OB A2 [m] I 2 v 2R 0
AR NI ERIRINE, Fg R IR AR R AR e P T PP EAS 55 ).
N A N A 7 iR 2% m Pk PP/EPR S & ARG T EE AR, XHT
TEIRTRAIR [ N 252558 AR, di PP/EPR 54 1 WM - B0 i i~ A 45 31 33— 25 14
3, D TSR K.

LT RORL S N B EOR (RGT) [RS8 S N 2% N 4 A A 1) 5 2R A A 1)
PP (PP/EPR &4k nl g, Harbrh R A =& % H 2 247 T
AR, WIRTIR M) Spheripol 1.7, Unipol 1.2, Novolen .2, Innovene 1. 2%,
AR & T 20001, AR SR G A XE ARSI S, i 2.7 R .

| | 6,56, @

catalyst 61 0 polymer
—> m— — 0,~% 6,

* ' 0,<6, @

[CoH/C3H/H ] [CoH/CsHyHo s Heterophgsw 1mpact fzopolymer
with bimodality
K2.7 MBERE | 2/ ERE SRR AL 1
Fig. 2.7 Heterophasic impact copolymer with bimodality produced by a two-stage polymerization
technology

B s A IR O AEERIE 2 LR NI L 1 N R EA T LRI,
I LIRS AE i-PP L FRESE N, A RO S R TR 4. SR
Catalloy T Z A 5| A\ H &= M ZAIERYA MR L5, Pl Catalloy T
ZEEAN. ZRANRAE TSP IR ORI R BRI N B AR, 2T
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S T S SR B 46 S S M OSBRI CiePP) o A BT A A K
B A KD SR ORI T, ARG SIS = = AR i e,
B EARF L 5 B ST S e, =P A TR R SR 2 0,
3 TS ) S5 B 7090 2 R T 443 96 B3 S 49 (1 PP-b-EPR), JL 7
PP 15 EPR WiHIIIAIAIME, )2 it b4 es0., sl 2414
ISR, D AUERIATE A MIBRTE “ RS PR e, Ak,
Basell [fJ Catalloy H R T T 3 AN UM AH S I 8 #0110 Re,

4 5 I 58 ER B SR8 0 2 A T R s S BUE A B I 2. )
i, TR BT B (AR RS T O L e
W BE TR A R R R, 0 AR R TR ST PR R 010 B SR DR I I
(MZCR) ] B 5 A R 7 48 8 1) 2 A MR SR A 1 T 24,

[ethylene/propylene/H; ]

catalyst olymer
y 0, 0, poly
I if 81, 6,—>0; then d —> 0
Multiple-layer
[ethylene/propylene/H; ]| structure

2.8 MZCR |5/ R A1 % R U S 454
Fig. 2.8 PP particles with multiple-layer structures produced by MZCR technology

el 2.857r, Al g POERACIR SR 5 D SV R SRS I RIURE A AN B
Theeid U 7 BB NATIL IR B IR J Ns E38, FERS BIPR J . s A 5R WDk 18
18N B o i B PRI R AR SR & S N 3 AR B TR o b T A e s A 11
R AL, BURINTE R GV R JRIA. SR TEA AR .
SOBURE A RARA, A5 P SN i Y R A5 B I ) 3ze /N 5 Se I I Ta] - e 221
RAEYIWRLKG I 2 IR HUIIAH” T2 A0 2 410 2584

HIFE AN S NS SEBL AR 28 5 LN SRR IR (PR L 2 kD)8, ANITIAE
PR R IR B SR, ARG WA (0 A AR AR S A D WIE ) 2R
AR R AEARSR N EE & T, NI PE- P VP 845 B i KRR itk FEpL
BRE e kL B Catalloy $52 A 5 SR A A4 o
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PRI BRI T RN EIZ OB BT RAAR RN A (MZCR) R,
PRI — ANV AR [ Y %%, Basell 237 JE )& T Spherizone S A4 121, 1t
MR E 2,105,

2.2.8 TZ L9

R MAFIR TZHAR—BHAAWN R E. HAr, BAwd RN
AR E LB WAHAAR T GVE FANE LS A G HR . WA A AL 2 T
YR, FORE A IR AR TIER & 0732 Pieh IR0 A 7= N K
AR, SRR AR5 RURURE T2 s SO A ORI R 4146 i g B AH B
#MiE, 4 Spheripol I 25U N #5 45RK . Borstar (IR S5 A e BB
FIk¥E, W3k 2.4, Basell FJT &) Spherizone T Z M) & 2 By SRR A i #2 il
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Table 2.4 Characteristics of various typical PP technologies

Technology Hypol  Spheripol = Borstar ~ Unipol Novolen Innovene
Catalyst TK-II MC BC SHAC PTK CD
kgPP/gCat 50 100 60~70 22~55
Prepolymn. Prepolymn.
?gitt}rlgld of morphology 2~3 50~100 Prepolymn. Carrier Carrier  carrier
gPP/gCat gPP/gCat
Process combining with L+G L+G L+G G+G GH+G G+G
Homo. MFR g/10min 0.3~80  0.1~2000 1000 0.5~45 0.2~100 0.5~100
Atactic polymer, C,Hq4, wt. % 4.5 10 5.5 6 7~8
Impact copolymer, EPR wt.% 40 40 50 35 50 8~28
Without .\
. elletizing >UPereritical
Characteristic P M8 Bimodal PFR
ultra-high MWD
MFR

1. BAHA K ) 38 EL

ST RSB A AT A, B8 Hypol T2RH T HisE N v %, A
TH ok A AR 7 R T R, SOV R B — W — [ AR R R . R B
(NI SRR o T B R ATR S, T LR 0] S B 2% IR RS, (R HEAS
JEREGWIRRLI R385 . I ERF PR R R, SO BE R s 2 AH G,
N AT

INE RN AR RUR, R S BATIE A GOE GE Tm/s) 58tk THAR
5, RN AT R A VIR E s BRI RN R R T A, AT
il 75 . AR . Borstar [t Spheripol #E— 20 amAk T #e4E, B SN s 7742 = 2N s
o] e A P 1 P 7 N VR ] RSt SN R (5 i VA I R = ) /8 S R A o
PR N AL
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Table 2.5 Comparison between loop and agitated tank reactors for slurry propylene polymerization

Loop reactor Agitated reactor
Spheripol
Example gors tg . Hypol
Phase liquid+solid gas—+liquid+solid
Concentration of PP wt.% >50 30—40
Mode of removing heat Jacket (1600w/m2.°C) Propylene vaporization
high
Pressure, MPa Spheripol (4.4) Low (3.0~4.0)
Borstar (5.5)
Temperature, ‘C Borstar (85~95) 65~75
Range of H, concentration Broad Narrow
Yield of PP in unit vol. high (400 kgPP/hr.m’) low
Energy consumption Low High
Grade transition Quickly slow

2, SHREGRMNAFLE

PUP LR A A S B2 25 L2 ML R #E . IXE th T BATBierPERe i
SEICARIEAT (EPR) LW ik TS AR, BRI T 2 LIRS PRk
flefli EPR (R A R HhAE UKL A B, AT T 7 L 2R SRR IR 4 . JF H, 246

IS D e R B R, IS T B ASAH B 5 i (0452 B I 1) A vl DA B

K#5 Unipol ZJi2E 15

HiAR, UCC/Dow [t] Unipol WM KH T R H#AL

IR AR, I AR R IR g imA <, AU e RS Hall i A 205
T TR A A UL 2 T PR

Hypol T Z/H Borstar T ZAEHAL IR IG N 1 AR U dE2%, 1) S AV 2 P 5§
WS P IS B AR E WAL, BRI W] LR SRS I IR HR AR, S NI

AR AE TR G

Fh

HIFTiBH) “ R BESERIET

NN

BRERR. MR A A

(2510k)/kg) HNMZER I (418k)/kg) MILLME KL 6, BIh TR 2: kg (A

WEEG A, T 6 kg HIVRAS MG WER R N HVHEEIRIA R B AL HI 1,
MNERE Tkg W RNV AR, U EERE 10°C K2R 230 100kg P A<
(e
K2.6 WIS RV A HAL
Table 2.6 Comparison of gas phase polymerization reactors for polypropylene
Item Fluidized-bed reactor Agitated fluidized-bed Stirred-bed reactor
reactor
Hypol
Example Unipol Borstar Novolen
. Innovene
Spheripol
Fluidizing? Yes Yes No
Flowrate of recycling gas High High Low
Mode of heat removal Recycle gas cooling Prop ylege vap or1zat1.on Propyler}e
~+recycling gas cooling vaporization
. L low (Hypol, Borstar) .
Yield of PP in unit vol. Low high ( Spheripol) high
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SRS BN RE AR . DA AR T 52 2125 [ S AR SRR Al S ) v JEE %
T o F 1 S NIRRT R P 0 e B A i R B AR LA v SR S 2 A
B 2 RS SONAFIEBAL  SR G PIps BEE R I BRI BT 3R AE . O
BRI ST SR O IR 55 2 T i, AT o 7
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RERRTIFAELNE (WRER, TR , BETREBT- SRR
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2.3.1 RARGIIE
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BRI Hypol T2 415 5%, @7 T INK AN AR I A LBt P1 28 50U B
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TR TR B HERIREE . SRR SR G RONV 45 R md, BEoT T ik
BRHUKAE . W2 R AR K IERRR 4 AN s AR R R Ay
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Fig. 2.11 Model of a non-ideal loop reactor
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Fig. 2.12 Flowsheet of a propylene polymerization process
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Fig. 2.13 Flowsheet of stirred-bed reactors in the Innovene PP technology
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Fig. 2.15 Comparison of Mn between overshoot and PI strategies for grade transition
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Table 2.7 Grade-transition strategies for olefin polymerization processes

Strategy Description
A Base °

Step inputs of hydrogen feed rate and monomer feed
compositions to final values.

B Quick Venting ® Step inputs of hydrogen feed rate and monomer feed
composition to final values.

® Open the gas vent valve of the reactor during the first 10 min
of the grade change to change the composition of the reactor
gas phase as quickly as possible. The flow rate of the venting
is proportional to the size inventory in the reactor.

C Bed ®  Step inputs of monomer feed composition to final values.

De-inventorying ® During first 10 min discharge approximately 50% of the
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reactor bed. Then, stop product withdrawal to slowly build up
the bed volume to its value. When bed level is close to the
final value, turn on PI control of the bed level.

D Quickly Venting + ® Vent reactor during first 10 min of grade change as in
Overshoot strategy.

® During the period of reactor venting, adjust the monomer
composition and hydrogen feed rates to overshoot final
desired values. After the venting ends, adjust these feed rates
to the final desired levels in a stepwise fashion. This
procedure helps speed the change in gas-phase composition

E Quickly Venting + ®  Vent reactor during first 10 min of grade changes in strategy
Overshoot + B.
Bed

. . ® Overshoot the monomer and hydrogen feed rates during the
De-inventorying

first 10 min as in strategy D.
® Deinventory the bed as in strategy C.

F Overshoot + ® Overshoot the monomer and hydrogen feed rates during the
Bed first 10 min as in strategy D.
De-inventorying

Deinventory the bed as in strategy C.

G Quickly Venting + ® Vent reactor during first 10 min of grade change as in
Overshoot + strategy B.
Nitrogen overshoot

Overshoot the monomer and hydrogen feed rates during the
first 10 min as in strategy D.

® During approximately one residence time, adjust nitrogen
feed rate to overshoot final desired values. This procedure
helps speed the change in gas-phase composition. In
particular, since monomer feed is used to control reactor
pressure, it can initially overshoot desired composition if
nitrogen is not increased to compensate.

H Loop Low Recycle ®  Step inputs of monomer and hydrogen feed rates to final
values.

® Reduce recycle rate in loop reactor to narrow the residence
time distribution

J Solution Low ® Reduce recycle rate of the process.

Recycle ® Overshoot the hydrogen feed rate and reduce the comonomer

feed during the first 100 s of the grade transition

S R o P ) SO I N AR R A | A B N S AT SRE AR A
& MNEERET S, ARBES LN ZRIA R R U1, LA R &AL
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SR SN A il 2L LR R S D i R 1) 3 i) S A 45 25 ¢ i LA PR s b 85 ) A
h ER R A S AR AH Y. ) ) R
R AT BRI 5 VAL R S, SR -G ) o I AE S il vH 2 GBI
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Fig. 2.16 Flowsheet of an ethylene polymerization process with reactors in parallel
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Fig. 2.17 Flowsheet of an ethylene polymerization process in series
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CHAPTER 3 MODELING OF THE PROPERTIES OF
PROPYLENE POLYMERIZATION SYSTEMS

[Abstract] Calculations of thermodynamic properties are essential to modeling,
optimization and control of chemical reaction processes. Methods based on
re-parameterization of PC-SAFT state equation are developed to calculate the
properties of each of the components of the propylene-hydrogen-polypropylene liquid
and gas phase polymerization systems. The three pure-component parameters of
PC-SAFT model (segment number m, segment diameter g, and segment energy
parameter €/kg) and binary propylene-hydrogen and propylene-polypropylene
interaction parameters kj; are obtained using the literature data for propylene-hydrogen-
polypropylene and Polymers Plus software. The accuracy of PC-SAFT state equation
using the regressed parameters obtained in this work outperforms those of
Peng-Robinson equation, S-L equation and PC-SAFT state equation using the
literature parameters.

Concluding remarks

The data from the literature on the properties of propylene, hydrogen and
polypropylene are collected and analyzed. The three pure-component parameters of
PC-SAFT model (segment number m, segment diameter g, and segment energy
parameter &/kg) and binary propylene-hydrogen and propylene-polypropylene
interaction parameters k;; are obtained using the literature data and ASPEN Properties

software. The results are summarized in the following table.

Component Propylene Hydrogen Polypropylene
r (mol/g) — — 0.02753

m 1.9926 0.9863 —

o (A) 3.5162 2.8242 3.9778

e/kg (K) 205.26 20.876 261.94

The relationship between the ideal thermal capacity of polypropylene and
temperature is given by:

Cp'°(T) ==2.565%10° +2441xT —7.327T" +8.54x10°T*(J / kmol.K)

The binary interaction parameter k;; is 0.064 and 0.074 for propylene-hydrogen

and propylene-polypropylene, respectively. These values are obtained by regressing
their equilibrium data.

The accuracy of PC-SAFT state equation using the regressed parameters
obtained in this work outperforms those of Peng-Robinson equation, S-L equation and
PC-SAFT state equation using the literature parameters when calculating the
thermodynamic properties of propylene, hydrogen and polypropylene.
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(] SR A 2 S S RESTHURL A I SR T 7 1 Sk o B 7
ZHA PC-SAFT R T 1, AL T IR A AR SR A A SR & O AR 2R I
— AR — RN RS A P ERTE S Tk DLA L SCRREOHE O B, R
Polymer Plus #f[-*F-&, /M8 TN ZS N2 5 (1) PC-SAFT J5f%
MR S8, BATEEEE m. B E Ao RER S e ke U EINKG —E/S NI
— RWNIEA P oA WS H ke RAASUEIES 401 PC-SAFT R&T I
HRERE RN RTEA Wi RN H RS L T2 8 P-R 77
TSRS 4T PC-SAFT IR T7 .

WSRE SRS, AaaEREEeEY. B8 M. W) UNEA ) (A
A ARE , RN EEERE L JInTIA AMPa, TEAH AR R G VA,
SN TR HR SR A PV SE AR P S (P 25 R R, PR IRVRAL T RO AR R IV g 2 A
v R e T R B S R NS RS T R S e Lo RN I N N S W
AAREREG RN AT, BEERGWRIR A Rk, BAARIER VIR e T 5%
B, Rk, 2053 ()R AH B A A N0 SR G AR R IR AH P 58 s A ik AR )
ME R I

DLW et T 2Rt v b S, 32350 RS T FE B RN TS B R 4K
PR 1 B R B IE F T AR RRARMA R, I A S AU i 2 4, REAR AT
M H ST AEAR He AHZE 25 1 A AR AR R P s Hl T B R BB X s ) AR AR 1)
AU IR UER G, BT UL EH TS RS (<2MPa) o RS RS T AR PR 44
Z, BRI R SR RGN e, RN REHER T SRR B &
J DA e 5 0SB A I AR R o 0TI 08 38 A A 2 K RS U7 RE AR IR L 0
4 (Bokis 281y |

Sanchez-Lacombe JRZA 72 (S-L JiFE) « G4 & /RPLE (Statistical
Associating Fluid Theory, SAFT) . a4t 4i & i A#2 (Perturbed-Chain
SAFT, PC-SAFT) LR ZHE N H TR AWk Rt 5. S-L /7 #2/2 Sanchez
H Lacombe T~ 19 47t HEARE? BUL T IOk FRAAIS IR 1, JE0 R
TR SR SCERE EAT T LS. Chapman 45(1988,1990)4 8515 1 7 4t
TG g IR Y SAFT IR TTHE, i 2] 04K R 100 7 4e o F 5 B A% A Bt
B2 1) (AR A )R 40T . Huang 26059803 7 SAFT IR 772, 4% SAFT iR H
TP o3 1R R . 28V R DA S LAt AR PE G 9 ORI T8R4 BE
IR0 TR 3 N A B AR RN B e 1 i A, 2 1% 45 R Huang 5944 SAFT RS T HE
R TREAWIRR . 2001 4F Gross S5 7I%t SAFT #AUME T8 b ki, 420
TRTYHEL 5> T SAFT J7#8 (PC-SAFT ) , fesE AR5
INGY T SRS A I

Gross 2543 51F 2001 4ER1 2002 M4 M 245, S, BAMBZMmIER
PC-SAFT #M—In2 8, Hh I OGN —T0 ORI L0 )0 s = B LR
L1 LR B S R SL RS, {2 Gross 33 45 A S — 70540 . Ghosh™?
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(2003) KA/ RO EdE, K PC-SAFT Jrferh — s B AR Hi
K0, FAHES I —I65 3, 2004 4 Khare %5 Bhub U N R St BT T
WMFEAU ST, HAR R PC-SAFT St 4 fE & a4 o vk e A7t
S, AHRFGEH 0 Z A e B2 B R V500 o

3.1 RETTE

3.1.1 Peng-Robinson /& #2
Peng-Robinson /5%, fij#x P-R 7 #E, JE T3 AALIRAS TR, BfEvHE A
28U Hs R4 P 55 7 T BE G (R AER B, AR TR AR P4l o 55 dee i R 1)
TIRRZ — ITERIER A
_ RT _ a(T)
V-b V(V+b)+b(V-b)
Hp, RS
a(T)=aler(T)=0.45724R°T? / p, r (T)

p 3.1)

a(r) =[1+k(1-1"%)]

k =0.3746 +1.54226~0.26992¢7
b=0.07780RT. / p,

3.1.2 Benedict-Webb-Rubin 5%
fAF BWR 8, %y E T4 5L fe, TLRAAN:
p=RTp+(B,RT - 4, -%)pz +(bRT —a)p’ +aap’

(3.2)
C
to Y1+ yp*) exp(—yp*)

JiREp i, AO. BO. CO. a. b, c. a. y % 8 MR b4l R p-V-T
B ML E I E . BWR J7 FEAE T RASRIBE e S FLR S ROV A A A
P2 S A (8, 7 LI S R 1.8~2.0 51 i 4 1 R o B K1 3 15
2R 03% A

3.1.3 Sanchez-Lacombe 757572

Sanchez-Lacombe JR 2% 77 F2 0] LU SR U155/ N0 7 MR S WIARAT hy M) 2
PR, CLHEEIRARRR . R R B, A KDL& Gibbs [ HIfES: ., HkER W

7

p2+ﬁ+7[m(1—p)+(1—l)p}:o (3.3)
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=P p=t 7L (3.4)
0 P T

w ‘m

b p's prv OB EREE . BN WREERCIE N 1. X 4e S M ] LUE
A MZRTUREAE SR, REWRISE0T DOE R AT B R AR SR 15 21

3.1.4 PC-SAFT K75 H 72

PC-SAFT JRZ& 7 SAFT (A3 &, MM #0IE T3 Ak L 3 21
PC-SAFT Ji Rt T SUS AR AR IO BER A T IURAT 0, B HERAH 5> 72 1)/
S TREBLIIA TS| SRR ).

%9

&
o x [ 177
b & agug

[K13.1 SAFT 5 PC-SAFT J5 4% B 2 Al ]
Fig. 3.1 Interactions between segments in SAFT and PC-SAFT

WA PiahHie, o Z MEER 150 s JiRis U ywiesr, Lot
ARBN I . PC-SAFT Ras T F i) 5E AR IE AN
DYz s g sz (3.5)
RT
A, 290 70 290 G R AR pk . RERERIREN X AR T Z sk, T

& m AR BEBRREE 1) — sl h -

2 si (3.6)

= L xm, (3.7)

XFalid] sy, NS ENS Tl RE 2 g1 )1, N R iEl

P&, Helmholtz H HEEMI TRk i K~ A -
A% 4, 4

— (3.8)
KTN KIN KIN

o
i=—27217n12 £ UI u(x)g"| m; xZ k2 (3.9)
KTN KT 1 d .
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KTN W(HZ i ap] "\xr)”
. (3.10)
o’ %{pj; ﬁ(x)zghc(m;x%)xzdx}
A
1 :Tﬁ(x)ghc(m:xg)xzdx (3.11)
1 ! d
a OON 2 he g 2
. = — X —
) ap[ﬂ!u(x) g™ (msx ) dx} (3.12)
Ly L s NV B pR A, PR BE I RIRCR R, T OO BEBOI BE Y
R P
6 .
1,(n,m) =Y a,(m)' (3.13)
i=0
6 .
1,(n7,m)y=>Y"b,(my’ (3.14)
i=0

AL U SR B m. BEBCHAR o0 BERSHL e/ke T LLE XA 01

MZEFUE S BT ARBUR AR (PVT ) 5152 .

XTRAY, NH Van der Waals WiAATR A EE W, eI vH54
i:—Q}p] n n_’l)z ZXXmm il g’ (3.15)
KTN e T KT )Y '

4, = —7pin| 1+Z”"+pazhc _11 (/7 m)x
KTN op )
o (3.16)
22 XX mmy)| | 0y
— & KT
/\E'j:
_ 1
o, —E(al. +0),) (3.17)
£, = &€, (1-k,) (3.18)

PC-SAFT H il & I8 A EAE I — e 280k Ky, Wl 62
LA A U S A 2

3.2 SiA Y RSEHE

WG R S A4 LR TiClL. Bh LT AI(CoHs)s A
TR BERRE R AR SR AL B i PR il i AR
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ERARMG, AR AR R PIVE R T LU EARTR) . Bh AT ST
SLAEAR R P IR AR, HOWAERY), nI A B RDITER 0 k.
RGN N ARG EF R A IR SR M o

WeER T 20 M SCRR PP KT G S0 AN SR R PR 280U« VAR JER IR PR RR S AT DG AL
¥, X PC-SAFT IR RN ZHGEAT B, JF5 S-L iR SAFT JiREM)
BRAUTH LA R BT LUAL, DA EE T I SR S R R MR SR e 2 8

3.2.1 Ak

FRAAR AT A8 2R 5 1R o R] I A7 A S O U Lk s -47.7°C | I S B2
H91.9C. ImAtIE )1k 4.54MPa,

WA AT R PR B R AR . TR 25V Hs DA S A SR e il o Hor, A 2%
RN HIBHE RS T Tk 2 25PN (IR AR T %), JLRPE R 4 b e 38
0 H M 28445 ZE NIST Chemistry WebBook (http://webbook.nist.gov/chemistry/)
FIH Polymers Plus [ PEvHEARL, [RH1S 241 PC-SAFT 24, m. o fl
e/ks 7390 1.9926. 3.5162. 205.26, % 3.1 0 T HHERMEIE K Gross
AT B ) PC-SAFT R a8 7 B2 I 82 &4 2 #{H ., LA & Khare 15 2 ()
Sanchez-Lacombe IR 7 FE I Z50(H .

K31 WG EHPIRES TR K S5

Table 3.1 Equations of state and parameters for calculating physical properties of propylene

EOS PC-SAFT EOS Sanchez-Lacombe EOS
Author (2(0}8(1)3[887] This work Khare (2002)°"
m (mol/g) 1.9597 1.9926 T (K) 360.43
Parameters o (A) 3.5356 3.5162 P’(Bar) 3100
e/kp (K 207.19 205.26 p (kg/m’) 670.83

K 3RS I A SR NI IPE 45 R L 3.2~18 3.7, W
R RT AE Y, PC-SAFT ARZJy FELL SRSy F2E B3 & R (M PE vH
K PC-SAFT RZS 5 e« A A SCI0] VA1 2 (R 0 2 A0 S G (R AN 28U
WA S 2N AL IR I LE A, 5 NIST Webbook [ 1 it BEAR U b
W)t KH PC-SAFT AR 72 Gross (2001) [ SHETEL, A IR ZEIR
v VUM EANZ8 A J B LA DL 755 10 S-L ARAS S F2 Khare (2002) (#4571
ZHOT S NIRBARE E . 2R P O 72 EEROK
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3.22 &5

ARG T IAE R SRR AL A, JLAE SN AH (9 B HER 1 0 2 -G 0 931
HNTHEE MR I B T AR R EH, SR EERT AR () A 2 A7
e NI AR NI LA 70°C, K JJ KT 1IMPa, KH NIST d 4+
S/ FE R (http://webbook.nist.gov/chemistry/) , Ho 0 13 V5 il 4 300~
390K, JkJik 0.5~4MPa (CH/AMIGFE Te=33.19K, Pc=1.315MPa) . i}
HIFEAF RN PC-SAFT RS TR =M 24 myo M e/kg 435k 09846,
2.8263. 20.8932.

KA IR N Z 5 AR E R R 25 LR WLER 3.2. Peng Robison J5#¢
(P-R J5#2) [R5 2% B (i KR 254 0.22%, K PC-SAFT R4 52 Khare
(2004) BggHa s i KR 2E 4 0.035%. K FH A A5 3R 2 5 (1) PC-SAFT

T FEE P-R J7#2 )¢ Sanchez-Lacombe JRZA 52 (S-L J5#E) BES H Tl 5HIm 5t
R A IR FORS P AU S, B ES R 5 0ie e G, WA 1
KiRZEALHN 0.0026%.

3.2 ANFRRAH S LI IR ZE UL
Table 3.2 Maximum errors of the hydrogen density calculated by different EOS

EOS P-R EOS S-L EOS PC-SAFT EOS

Author Khare (2002)®"7  Ghosh (2003)°?  Khare (2004)™  This work
Max. error | 0.22% 0.23% 0.26% 0.035% 0.0026%
(gas density)

3.2.3 BAK

PC-SAFT IRE R =ASHT, m WEEBH S0 T RE xR, o WEEBHRE,
e NEERSH. X TREW, BT m 2EEH S TRBmARN, s
TS m FWAE r A —5E5 ABEEY Y T B, FrLCR A r kAR
m KAF R EWIIIISE . r. o, 6o T REWALEAE AP VE LA MR 2%
VRESE, SRR G FE R SR NG — 0 S 5

Zoller (1979) P3f1 Sato (199704, 2001°%) 28 52 T BN IS LEA R
M I N . Zoller (1979) 4 H T M S ME RN M £ 30~297°C, 100
kg/cm*~2000 kg/cm” S P ¥ Tait S FES %, %7 FESHUUEAIERBLIRE T
N 2 BB

P (3.19)
v=1.1606€"""""" | 1-0.0894 ln(l +—D

1 52060.004177*T

Hoh v RN IR AR (em®kg), T AMEE(C), P M JI(kg/m?),

Sato(1997) WE TN 97% . SifE N 0.66. TN 2.1X10°
FIZR IR PVT 5. Sato (2001) Wl 725 RE K 56% . 45 EhJEh 033, HiYy
RN 1X10° RN PVT .
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3.8 Jy Zoller (1979) F11 Sato (1997, 2001) 7531 (1) 38 N ¥ 25 B B d v bL
S, ANTR) S RN 4 o B 1 50 N A LIRS T I8 B 22 iR FEIS BibIRAS
T, Zoller F Sato 15 2| (1) 45 FIE AL
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E
2 L.
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S . —=— Zoller(1979) 2 - -
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Fig. 3.8 Polypropylene densities calculated by Fig. 3.9 Comparison of the polypropylene
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different parameters

Sato (1997) (K154 il IR 1 T 15 A SCRIF S IRORE it (R P BB, WORH - Sato
(1997) HIEAR#ATIONATEEE, HAS T PC-SAFT JSFEIIZHL, r 5 0.0364, o
3.620. e/kp K 262.58, [ 3.9 I B FE S AR A SOV SR I LA, R Kk
724 0.6%. S-L JFEvh S Kk %4 8.3%, Khare 24 PC-SAFT i 81 K
R 1.25%.

& PC-SAFT ARA& T FErh, Lo ch s o AR . BEAR SR LA 2 Rk
AR

Cp(T, P)= Cp™®(T)+ ACp(T, P) (3.20)

Aspen Plus AR (A L A T — AN S5 AR DG 10 22 R vk S

Cp'°(T)=C,+C,T+C,T*+C,T’ +C,T* +C,T°(J / kmol K)

C,<T<(G(K) (3.21)
i C; 1 Ce 2 TR T el 43R KT Ce FIHEdTE Cs il 5t
H‘Jﬁ%ﬁtb%&éﬁ PEAMEE., 2 S HOEARYE Aspen Fdl 4 A (K40 ME 38 [0l 1945

Flo XFTAFIN PC-SAFT (W24, 2 W1 Z4h NaZ b2 i 25

BIEA RS EL, A BEAE R ASILL SR A (R4 b o SR DA PR R Ak B 34
ik B ATHAS %4k % (http://web.utk.edu/~athas/databank/alkene/pp/pp.html) . [1]
VA4 210 2R D0 BEAR AR A I TS A UK

Cp'®(T) = -85570+742.1T =1.137T° +7.89x10™ T*(J / kmol.K)) (3.22)
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Fig. 3.10 Comparison of the polypropylene heat  Fig. 3.11 Hydrogen mole fractions in gas and
enthalpy calculated by different workers liquid phases calculated by different EOS with
different parameters
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B IEAZ W SN IVRCT 85 308 % 1 Williams(1954)°°1, 32 4
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A4l Williams %4} (] Peng-Robison J5 F2( P-R EOS ¥ 648 H R BT &
FATEE, THEEE R WA 3.11.
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Oliverira 25°717E 2000 4ERFFT T AL 95~115°C . J& Ji{E 22~27 MPa, ZENE
T B 53 244 0.3wt.%~ 10wt.% 2 [A] 9 — VAR R Sl — W — A R I, T
M MG AR AR A S N a8 AR /N T AMPa, R NIRESE 70°C AL, 5
Oliverira [1) 5250 Vo I AH Z2 o0k o PRI, DI RAH SR A s N A PR TR 0 ~ SR TR A3 1 1)
TICAR B R, AR RREBRE SRR ol SE PR AE A HERAR LA T I 22 1B
1Es

NI TAHAAR T G SN 25 N N ~ SR N 1) — e A8 B2 40, vl R 758
TR PAY (1R TR B i [ U 45 3] o Sato Z5PPISR Ry 52 £E 17 P 990 76 AR () 45 5t FEE
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Cp'®(T) = -2.565%10° +2441xT —=7.327T* +8.54%107T*(J / kmol.K) ~ (3.23)
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Fig. 3.12 Comparison of the polypropylene Fig. 3.13 Comparison for the solubility of
density calculated using different parameters propylene in PP between calculated data and

the literature
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34 KNG
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M, R8T K.

Components Propylene Hydrogen Polypropylene
r (mol/g) — — 0.02753

m 1.9926 0.9863

ag(A) 3.5162 2.8242 3.9778

e/kg (K) 205.26 20.876 261.94
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Cp'°(T) =-2.565%10° +2441xT =7.327T* +8.54x107T°(J / kmol .K)

RETTCHLM AT B 4SS ~ 2 P~ PR 0750
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FIE AHEERENNZERFELSH
CHAPTER 4 DETERMINATION OF CATALYTIC PROPYLENE
POLYMERIZATION KINETICS AND ACTIVE SITES

[Abstract] Determination of the polymerization kinetics is the basis of process
modeling. In this chapter, the mechanism of Ziegler-Natta catalyzed propylene
polymerization is analyzed. Simplified elementary reactions involved in the propylene
polymerization that are suitable for subsequent modeling of industrial processes are
developed. They include the activation of co-catalyst and monomer, initiation and
propagation of chains, transfer of radicals to monomer and hydrogen, and deactivation
of catalyst. The reasonable ranges of the kinetic constants of these elementary
reactions and their activation energies are also determined. According to the molecular
weight and molecular weight distribution of two different polypropylene grades, the
number of active sites for the catalyst is found to be six. The sensitivity of the
monomer conversion and molecular weight is analyzed, providing guidance for
determining appropriate model parameters for process modeling.

Concluding remarks

After a detained analysis of the polymerization mechanism, simplified
elementary reactions involved in the propylene polymerization are proposed. They
include the activation of co-catalyst and monomer, initiation and propagation of
chains, transfer of radicals to monomer and hydrogen, and deactivation of catalyst.
The reasonable ranges of the kinetic constants of these elementary reactions and their
activation energies are also determined.

According to the molecular weight and molecular weight distribution of two
different polypropylene grades, the number of active sites for the catalyst is found to
be six.

The effect of kinetic constants on the polymer production and molecular weight
is studied. It is found that the polymer yield increases with increasing chain
propagation constant and decreasing chain deactivation constant. As for the molecular
weight of the polymer, it decreases with increasing chain transfer constant and
decreasing chain propagation constant. This provides guidance for determining
appropriate model parameters for industrial process modeling.

[FREE] € AE R E RNE) 1R R R . 256 70t Ziegler-Natta fiE{L
IR A VAL, T TR G SR A HE T O, AR B EAL L A
WAL BRI BERIK ., ) BRI RS . I AR L A DR ROV, T
BSE T A5 2HI0 RN B) 177 1 B VAR AL REIVEFRL o AR PSSR R 5 SN M
et PR RN, BUZEARR KRR 6 4> i T8l 7177 4
XHERGE 7 T RKE R,y RE I RRR  HE R S 8 1 S .
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TG C,+EDD B
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(4.1)

R=k,([S,1+ D [SEDM]+k ([S,1+ D [S,PDIM]+
[S,F, DM ]

n=l

(khy +kp VO[S PDIM 1+ (kg +kp ).
AW SRR AT HH R B 1] P9 7= 2 1R 2R 5 W e B ORIV 380 0y B v
(4.2)

Y =My Yo (D, 1+ MY [D,,]

[Dn,l] = [Slf)rl]+[f)rz,l]

o,
[D,,1=[S,F,]1+[P,,]
AR R 7y 15 o AT N -
_ D
M = MW Zn ]n([ 110D, 5] 43)
> (D, 1+[D,,))
— “ n*([D D
7. =y 2 (L1 *10,:) w
2D, 1+1D,,1)
== 45
0= i (4.5)
AT R, SIS TR AR, T gy 1 sk rhas] &k
(RS IS T Sl
Zi=%" n'[S,P,] (4.6)
X5 =2, D, (4.7)
#¥4.6), GDHRAEGD~@.HT,
R=(k, (Z] +[S,\D+k,(Z5 +[S; 1)+ (kny + ko )Zo + (ki + ki )Z5)IM] (4.8)
Y=MyX! +MyX] (4.9)
M, = mw A (4.10)
XO +X0
M. =mw 22t @.11)
Xl +X1
H Rk AT A3 a0 R TR,
Do o 41,1+ (B¥,)2; ~C 5,2 (4.12)
dxi _ dXy tk (Zy-Z)+AZ, (4.13)

dt dt
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1. BEHFNEHL

MG LIS R L FE AL TR B4 . A SRS A6 CL A B R b SRS
o EAGTR] B VS A0 3l ) 2 B SOk AR A4 o 2O AL TR TS AL AR
HI, A TFR B SCHERP 3R 2] T ZRHEAL RIS PE g smat O, (B R R A SR Eh
D12 . BN Z— N AL TR SR & I N, S RTE A E R BB IE
EAERE LR R R A0 A, BN — 07 SC_EE, 5 A3 S FR 488 o TG AT R e i K
T R B3 o S AT R 1

Fe T WAL FNE AL B3 2 DL K 34k g, Hutchinson 45 (1992) M2gpoy T
s AE BElE o R A RN K SRS, 4 T Bh LRI AL I 80 1 24 S 50U AL
BE, (HE DR T B BT o Zacca 25 (1993) PSR S| T B AL FINEAL IE) 112
WA RE, AR 4.1 BN VS AL RELE 11~12 keal/mol 2 [A], 70°C
I P B P AR TRV A ) 31 0 2 1 B B0 44 107 L/mols.

Han-Adebekun 25191 (1997) sZGHI5T T Kk 46 MgCly/TiCly/AlEts {467 |
SARAEATH, O T AR ISl 2w A, TR 41, AR
2% 4 0.1 L/mol.s,

R4 EAFEE) )7 H A

Table 4.1 Kinetic constants for catalyst activation

T K E
Catalyst system Author Comment
(1) (L/mol.s)  (kcal/mol)

slurry polymerization in

ivati i Hutchinson heptane,
Activation with 55 9430 11.0 o P . o
cocatalyst (1992) Without unit for kinetic
constant
Aczlgj‘;g?y::“h 704 12 Zacca (1993)®® Slurry polymerization
MgCIQ/T1C14/A1Et3 Han-Adebekun . .
Activation with 50 0.0833 (1997) 10 Gas polymerization
monomer

2. H5lk. BEKIINEEHR

— RO A BET | R B ) E B R TR KBl ) w . R A2 T
WARSE & ARG AR . AR AR R AN R A Ah 2 B 7R A5 AR R B B
BRT . ARMEFIE RN BN 2B 2, S RER AL A .

MEF AT LA, 24 R BEAE 30~7000 2 [1), BT 2R A AERS K5
2EHHAE 107 ~10° Limol.s Z 1], AR & 3h )2 % BUNi% K B4 12 keal/mol;
S SR TG K50 ) 2% 8 B0 E 10~10° L/mol.s 22 i), HmALGELE 5.3~12
kcal/mol 2 [f],
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AR AL BE S B ) 2 B s 8 3] 700 3L ESAE R IEh S 8, AT
FLA o 46 2B 7001 58 Bl B T PO S8 A OB R K 3 27 B 9 Bl 107 ~10°
L/mol.s 2 [f] .

F42 VKRR

Table 4.2 Kinetic constants for chain propagation

Catalyst system T ky E, Author Note
C L/mol.s kcal/mol
MgCl,/TiCl4/AlEt; 70 1096 Rincon-Rubio In heptane
109.6 (1990)!1%4 2 active sites
) 4 97E+7 12 Zacca (1993)[98] Loop reactor,
without solvent
MgCl,/TiCl, 50 150 Shaffer (1997)!'%!  In pentane
0.136 2 active sites
TiClL/EB/MgCL/AlEt; 50 393 Chu (1998)[%¢! in hexane
TiClyMgCl,/AlEt; 30 2000~4000 Liu (2002)!'%7 In heptane
MgCly/TiCly/AlEty 41 320~360 5.3 Doi (1982)!'*® Gas phase
polymn.
55 143 12 Debling (1995)!'%!  Gas phase
polymn.
TiCly/MgCl,/AlEt; 50 63.3 Han-Adebekun Gas phase
(1997)1% polymn.

MgClL,/TiCl, 70 34.28 10 Zacca (1997)!"'% Fluidized  bed

342.8 reactor, 2 active
sites

MgCl,/TiCl, 70 155 9.9 Debling (2001)!"""  Gas phase
103 polymn., 3
289 active sites

TiClyMgCl,/AlEt; 20 3000 Soga (1989)!"%

TiCly/diisobutyl 70 2.5x10° Bukatov

phthalate/MgCl,/AlEt; (1995)113]

/PhSi(OEt);

MgCly/TiCly 60  220.477 10 Debling (1997)"") 2 active sites
22.047

3. HEBIHEEH

WIER AR, BT m ik, BRI MRS .
TN R, PR AR BEARAG, T LA RS AR B o m) S A
DA ) B 4.3,

T ELBA R FT 0% T2 WO ) 1 S R WL, R TP AT, A
T0°CH, &SR W BRI BERAE 0.1~10 2], HIiG{LEEdE 12~14
keal/mol 2 [, [i1) B4R (R FE RS BB AE 107°~107 2 ), JLIRfLfefE 12~
14 kcal/mol 2 [H].
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A3 BEFAD TR S RE D T EL AR

Table 4.3 Kinetic constants for chain transfer

Author Type of Chain T Unit ki E Note
catalyst transfer 0 kcal/mol
system
Zacca ZN To hydrogen o  (L/mol)™/s 4.4x10° 12 Loop
(1 993)[98] reactor
Shaffe{1 ) TiClyMgCl, To hydrogen 50 (L/mol)™’/s 3~8 Pentane
(1997)
Deblin%og] To hydrogen 55 (L/mol)**/s 0.74 14 Gas
(1995)
Rincon-Rubio MgCly/TiCl; To hydrogen 70 Torr’’/min 1.1 Heptane
(1990)1%4 /AlEt; 0.9
Rincon-Rubio MgCI/TiCly To monomer 70 L/mol/s 0.0639 Heptane
(1990)1%4 /AlEts 0.0511
Zacca ZN To monomer o  L/mol/s 6.16x10 12 Loop
(1 993)[98] 3 reactor
Zacca ZN Spontaneous o  L/mol/s 385 12 Loop
(1993)1% reactor
Rincon-Rubio MgCI/TiCly Spontaneous 70 1/s 0.041 Heptane
(1990)1'%4 /AlEt; 0.033

4. BEATIRIE R

44 W T AR AR R ARG

2 AR TR IR 5 S 1

o WNEAAT I, 70°C I AL R D3R AE 104 ~107 2 8], WAL RS 1~18.47
kcal/mol 2 [f1], IEE SCHRIA AL B 3G rvE A EE R 1 keal/mol,
Fh 4 (AL KT 2 R Ak B

Table 4.4 Kinetic constants for chain deactivation

Catalyst T ka(1/s) E; author ka(1/s) Note
system  ([]) kcal/mol at 7001
MgCL/TiCly/70 1.83x107 Rincon-Rubio 1.83x10” 2 active sites,
AlEt; 4.5%107 (199014 4.5x10°  peptane
© 7920 12 Zacca (1993)%  1.83x107 Without solvent
MgClLy/TiCl; 50  5x10°° Shaffer (1997)!'%! 2 active  sites,
5x10™ heptane
MgCly/TiCly/70  5.4x107~ Shimizu (2002)"""* 5.4x10°  Slurry reactor
AlEts 3.7x10™ ~3.7x10™ 2 active sites
55 8.6x10° 1 Debling (1995)!'°°19.2x10°  Gas polymn.
TiCly/MgCl,/50 3.33x10™ Han-Adebekun
AlEt; (1997)1'%
MgCL/TiCl; 70 7.95x10° 1 Zacca (1997)'"" 7.95x107
MgCL/TiCl, 60 7.608x10° 1 Debling (1997)!") 7.95x107
MgCly/TiCly 70 0.0008 1847  Debling (2001)!"'"70.0008 Gas polymn.
3.5x107 3.5x10° 3 active sites
3x10™ 3x10™

4.1.4 EEREBREWNERHINFESHE
Gty LRI IR LR K2 5 1 2 5B b7, St T 20 A S B J
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REREREIEL, T DURE BAN BRI AE S AT LB R 8l g 2 A ARG By «
(DAEALTEAL -

Wit Ete: C,+4A00- K +B Kact A[CP][A]

FpgE: C,+M OO B +M Kaet M[CpP][M]
Q)EER | R A .

Wolk: R +M OOR ki[Po][M]

WK B+MOGL P, kp[P][M]
Q)T

WA, P +H 0P +D, Ker [ P][Ho]*?

KRR, P, +M O P, +D, Kem[PIM]
(DA 2R3

G4a%: P O0.C,+D, ka[P]

pOCC,

LL70°CAZHIRIL, &K NI B ) 2 U AL RE IV FE L& 4.5,

R4S FLICRPBN TR A

Table 4.5 Kinetic constants for propylene polymerization

Ky E kcal/mol Trer C
Kacta 10° 11~12 70
Kacim 0.1 70
k; 10°~10° 5.3~12 70
Ky 10°~10° 5.3~12 70
ke 10~107 12~14 70
- 0.1~10 12~14 70
kq 10%~107 1~18.47 70

4.2 EAFIEHEA 5

421 BABYFERDH

1471} Ziegler-Natta {1k 3 5 7= I B LA B BE 1A 00 T4 4 A, 26400
FERON 4~20 A,

IR PR B0 ARG s — S VA 7 300 A 71 AR [ £ 375 e o
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Oy BN BT AR BN JCAEAEANR] R b YRR s A5 281 R AN [ 2
EYNRTR G 3BT AR B R VAR R R L) s WA AR 1K
BETEH L, RIS R T AR B IE K. R, AEFZIRE &N, AR
TV O 2 TR R R P o PRI, 5 A A AR R R A TS AL I
HH

FRETE TR ECH . FiE WAL R RN AL OBCGE, BIREANE
YA A R A T o I A b R RN TE AL T AR U R A R

RAES> TP 1 BRI BUELHE Schulz-Flory £ 7] G840 4ii . Schulz 73 fiiy IEA/>
Aiiy Poisson JpAfiy XTEOIERS M ATSE. - TRRASE B S HLEL AT BELS i FoR AN
7 R 3R A B 2317 1y HLRIME P28 3R & FEARTR], (H o AANIR], 7 i (PR St A AT D,
X MBI, IR O3 A1T R B A K

Schulz-Flory fx rJ BE /M AIEHI S FAUTEOL: (1) 51 AR . FRARIRIE
ANAR A i) BRI AN [ 5 FRUBEA T RE R RS L O B A 2 a b iy 2 e M SR 540
(2) MG 2R BB (10 3 0 Y BE AN PEAR RTINS, B PR 4 Az ) AR
st (3) H—mn TRAMRGY I MM TR A K7 TR RS
Yymt. Bk, AR Schulz-Flory fiz i) §E 7 Al A dii i B AME MEAL ISR 547 0

Z A E— RS H ) TRE, TR

F()=p"(1=p)

&

» ) (4.20)
E.()=jp" (1-p)
b, p AES NS HAYY . TRE 5N
DP. =1/(1- p) (4.21)
DP, =1+ p)/(1- p) (4.22)
HEER p L1, H(A-p)/2(0-p), WELSAMRECH:
F,(j)* DF, = p U’_/Dﬂ)eXp(—j/Dﬂ) 423)
=(j/DP,)exp(=j/DF,)
dW =F (M,)=(M,/DP, )exp(~-M ,/ DP) (4.24)

KBS (GPC) I ai R, R AsbrtEAcde, MRAELL 250, wleAm|
YA BTEAEAL (A B SRR ANE PEAL A R S BT I LE A

x=logM,  —logM (4.25)
aw. ! In10 1

= —=)> a, exp(4.6x ————exp(2.3x 4.26

P dlog, Z‘ DP./ PELOx D, ) @20
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4.2.2 JEMHATRE

BNIGAETEE T3S 5 — WO SOV g H 1 . SR el GPC & 351
B, RSN 150°C, WHIA=%K (TCB) . 7 Mark-Houwink %
ZAA KR o {55050 1.56 X 107 1 0.76,

PN R RE R 20 - S A IR DLIE 4.1, S F IR0 18 Aok
FHS S,

A6 ANFIFE R 7015 A I (e

Table 4.6 Molecular weights and molecular weight distributions for Grades S and F

Sample Mn Mw PDI
Grade S 30 400 177 300 5.8
Grade F 52 400 370 700 7.1
0.8
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Fig. 4.1 Molecular weight distributions for polypropylene grades S and F
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Fig. 4.2 Comparison of fitted data with plant data for molecular weight distribution

Residuals

0.05
0.04
0.03
0.02
0.01
0.00
-0.01
-0.02
-0.03
-0.04

—— site=3 —— site=4 site=5
— site=6 —— site=7

JANTIA

R

1

25 30 35 40 45 50 55 60 65 7.0

logMw

K43 AFEAEA TS L SR (A 5k 22 LR

Fig. 4.3 Fitted residuals of the molecular weight by different numbers of active sites
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Table 4.7 Relative regression coefficients using different numbers of active site
The number of active site 3 4 5 6 7

0.99285 0.99879 0.99959 0.99996 0.99993

Relative coefficient
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Table 4.8 Weight fraction of PP in each active site (number of active site: 6)
Active site 1 2 3 4 5 6

Weight fraction of PP (wt.%) 33.97 20.37 6.49

2.33 8.94 28.11
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Fig. 4.4 Comparison of molecular weight distribution between simulated and plant data
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Fig. 4.5 Simulated residuals of molecular weight using different numbers of active sites
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Table 4.9 Relative regression coefficients using different numbers of active site
Number of active sites 3 4 5 6 7

Relative coefficient 0.99456 0.99782 0.99904 0.99994 0.99951
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Fig. 4.6 A model for the kinetic constants effect on the polymer production and molecular weight
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Table 4.10 Polymerization scheme and kinetic constants

Item Ko Active energy, kcal/mol T, C
Kacia 107 12 69.3
Kactm 0.1 12 69.3
ki 201 12 69.3
ky 201 12 69.3
K 0.295 10 69.3
ken 3.2 10 69.3
kq 5x107 1 69.3
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TR By S VR A RS AL R0 T 4.7, e T
UL, RS H B A B R 7 2 (Deact-Spon) % 4 41 B
A B K (Propagation) % 3% SO B DITITHA IL: AE ALRINS (L AL, i
PR P RS L ) 2L B P B M MO SR A 0 PR LT R

1 TV BE ) 72 KOS TF R, T B R S 10 B it
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CHAPTER 5 REACTORS FOR SLURRY CATALYTIC
PROPYLENE POLYMERIZATION

[Abstract] The power consumption, gas holdup and heat transfer of an agitated
propylene slurry polymerization reactor are studied experimentally. Correlations are
obtained. They can be used for the design and optimization of this type of agitated
reactor. Combination of impellers of different structures and finger-like gas distributors
allows keeping particles suspended, enhancing uniform gas distribution and intensifying
heat transfer.

Concluding remarks

Mixing and dispersion in agitated propylene slurry tank polymerization reactors
are analyzed. The parameters of their structures and operating characteristics are
studied. This type of agitated reactor is good at keeping polypropylene particles
suspended, promoting the dispersion and mass transfer of hydrogen and re-circulating
propylene in the reactor and intensifying the heat transfer by liquid propylene
vaporization and in the jacket.

The reactor of the Hypol propylene slurry polymerization process has impellers
at four different levels. Those at the top three levels are six pitched blade disc turbine,
while the lowest one is a three-blade sweepback impeller. The impellers located at the
top three levels promote uniform dispersion of the gas phase in the entire reactor. At
the same time, the pitched blades can promote axial circulation, intensify the
re-circulation of bubbles and increase the residence time of bubbles in the liquid phase.
The impeller at the lowest level serves to prevent polypropylene particles from
precipitation at the bottom of the tank and help re-circulate liquids there.

Gas is introduced to the reactor by a finger-like sparger and the direction of gas
flow is the same as the rotation direction of the impellers. This type of gas inlet has
several advantages. First, it restrains air pocket from forming and reduces the effect of
the gas flow rate on the power consumption. Second, it promotes uniform dispersion
of gas in the entire vessel, especially, at its bottom. Finally, it improves the power
consumption efficiency of gas dispersion.

Experimental studies on the characteristics of the gas-liquid agitation lead to a
series of correlations, which are useful for the design and optimization of this type of
agitated reactor.

Gas holdup: &, =0.0393[(P; + P,)/ V"> ¥, 0>

Power consumption under gassing condition: Npg =7.0N Q_O‘OSMF 0233
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Heat transfer under gassing condition: Ny = 0.675Hz"236 pr033 pjg014

Hz =Re*+6.22x10”(N,, —0.70Fr"**)Re

CHAPTER S5 REACTORS FOR SLURRY CATALYTIC
PROPYLENE POLYMERIZATION
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1-shaft, 2-pitched blade disc turbine, 3-jacket, 4-baffle in jacket, 5-cooling water inlet, 6-tank,
7-cooling water outlet, 8- baffle, 9- finger-like sparger, 10- three-blade sweepback impeller
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Fig. 5.1 Schematic of an agitated tank setup used for mixing and dispersion study
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1-air compressor, 2-rotation speed controller, 3-motor, 4- digital tachometer, 5-tank
6-Cooling water tank, 7-water heater, 8-pump, 9-gas-liquid separation tank
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Fig. 5.2 Schematic of an agitated tank setup used for heat transfer study
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F6E AGESMEEEHREKRRETENR

CHAPTER 6 AGITATED FLUIDIZED GAS PHASE
POLYMERIZATION REACTORS

[Abstract] The power consumption, fluidization characteristics and pressure
fluctuation in an agitated fluidized bed with a frame impeller or a dual anchor impeller
are investigated. The effects of the impeller, gas distributor, powder diameter and
superficial gas velocity on the fluidization process are studied and correlations between
the critical fluidization velocity and pressure drop of the bed are obtained. Mechanical
agitation allows preventing particles from agglomeration, eliminating channel flow in
the bed, restraining slugging, retaining fluidization and improving the fluidization
quality. The suitability of agitated fluidization bed reactors for polypropylenes of
different particle sizes is identified. Intensification strategies for obtaining uniform
particles, increasing desired bed height and gas velocity are proposed.

Concluding remarks

1. Effect of agitation on fluidization

Agitation promotes fluidization because it greatly decreases internal frictions
among particles in the fluidized bed. For sticky or easy-to-agglomerate particles,
suitable agitators may warranty their quality by preventing them from agglomeration
or being adhered to the reactor walls.

Agitation may enhance gas-solid contact and improve the operation stability of
the bed by eliminating channel flow, reducing gas short-circuit, and restraining and

breaking down gas bubbles.

Agitation also helps restrain the bed from slugging. The higher the rotation speed,
the weaker the slugging flow. On the other hand, agitation does not have any effect on
the average bed height.

2. Critical fluidization gas velocity of an agitated fluidized bed, U,

There are few differences in the critical fluidization velocities, Uy, at different
low rotation speeds of the impeller, i.e., N < 30 rpm. As the rotation speed of the
impeller increases, the transition point of the pressure drop vs. superficial gas velocity
curve becomes smoother, and the corresponding Uys increases. Therefore, the
influence of agitation on U, can be ignored at low rotation speed of the impeller and
it is possible to estimate the minimum operation gas velocity of an agitated fluidized
bed from a classical fluidized bed at N = 0 rpm.

The relationship between Uy and particle diameter, d,, is linear for the dual
anchor impeller, the frame impeller, the half-cone-shaped cap gas distributor and the
orifice gas distributor at low rotation speed.

_ 0.69
=0.083x Lr_Pe) ey

mf 038 _ 0.29 P

’ng pg

U
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The above equitation can be used to estimate the critical fluidization velocity of
polypropylene particles with different diameters. In addition, it is shown that the
operation gas velocity for producing spherical polypropylene is higher than that for
producing powdery polypropylene.

The critical fluidization velocity is independent of the initial bed height.
Therefore, increasing the initial bed height does not have any impact on the
fluidization state as long as the operation gas velocity remains the same.

3. Power consumption of an agitated fluidized bed

The characteristics of the power consumption can be divided into four regimes
with respect to the superficial gas velocity, Uy, When U, < 0.2 Uy, the effect of gas
on solid particles is small. When 0.2U,,, < U, < 0.8U,; the power consumption is
almost linear to the rotation speed. When U, = 1.5U,,; one is in the fully fluidized
regime and the relationship between power consumption and rotation speed is P [/ N
.7 Moreover, there is no obvious relationship between power consumption and
powder diameter, bed height and gas distributor. When 0.8U,, s < Uy < 1.5U,,, one is a
transition regime.

4. Bed pressure drop in an agitated fluidized bed

Mechanical agitation may allow eliminating channel flow in the bed. As a result,
the transition point of the pressure drop vs. superficial gas velocity curve becomes
smoother. The pressure drop of the bed in the fluidized regime is independent of the
type and the rotation speed of the impeller, the type of the gas distributor. The
pressure drop of the bed is corrected to its initial height.

The relationship between the bed pressure drop, its initial height and the
properties of particles is given below:

AP =1.03% (L))" x(1-£,)(p, = 0,)

5. Operation stability of an agitated fluidized bed

The bed expansion of big particles is much more important than that of small
particles when increasing the fluidization number, Uy/U,,r. However, slugging occurs
more frequently in the bed with big particles. Therefore, the gas velocity for big
polypropylene particle should be only slightly higher than Uy,s. Under this condition,
the bed is dense enough. Mechanical agitation helps restrain the bed from slugging.

Polypropylene particles used belong to Geldart B or D group, whose critical
bubbling velocity is close to the critical fluidization velocity. It is shown from the
experimental results of the pressure fluctuation that rotation speed does not have
much impact on the fluidization performance when N > 5 rpm. Increasing the initial
bed height does not have much effect on the fluidization performance either when the
blades of the impeller are higher than the bed height. The fluidization quality of the
dual anchor impeller excels that of the frame impeller, and that of the
half-cone-shaped cap gas distributor is better than that of the orifice gas distributor.
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6. Structure optimization of an agitated fluidized bed

In order to prevent particles from agglomeration, eliminate channel flow in the
bed, restrain the bed from slugging, retain fluidization and improve the fluidization
quality, optimized impeller blades should possess the following features:

(1) The impeller should have several vertical blades in order to better scrape the
bed walls. And the vertical blade should be disconnected so as to prevent bubbles
from rising and growing up against the vertical blades.

(2) The impeller should also have several horizontal blades to restrain and break
up bubbles, eliminate channel flow and improve the operation stability of the bed.

(3) The cross section of the vertical and horizontal blades should have a
right-angled triangle. The sharp angle of the latter should be the rotating direction of
the impeller. This structure is efficient at preventing particles from adherence to the
bed wall.

The half-cone-shaped cap gas distributor is better than the orifice gas distributor
from point of view of the uniform gas distribution and from reducing gas dead angle
in the gas distributor.

7. Optimization of operating conditions of the Hypol agitated fluidized bed

It is shown that for the Hypol process the gas velocities of the first and second
gas phase fluidized beds should not be below 0.2 and 0.4 m/s, respectively. Producing
larger polypropylene particles requires a higher gas velocity because the Uy, s increases
with increasing particle diameter.

Increasing particle diameter and decreasing particle diameter distribution
decrease the amount of fine powder in the re-circulating gas. Therefore, the bed height
can be increased, so as for the space-time yield.

The critical fluidization velocity is linearly proportional to the particle diameter
and is independent of the initial bed height. The bed pressure drop increases with
decreasing particle diameter and increasing initial bed height.

Slugging occurs more frequently in the bed with bigger particles. Therefore, gas
velocity for bigger polypropylene particles should be only slightly above U,s. Under
this condition, the bed is dense enough. Moreover, Uy, is high enough not to have
much effect on the heat transfer and mass transfer.

Therefore, it is possible to produce polypropylene with large diameters and
narrow diameter distributions by increasing the initial bed height and gas fluidization
velocity.
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LA MBI WACRAYE . OB TS, B REBHR . SRR
YR EAR S AL SR, N T SR . IRE SRR R e
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Table 6.1 Pressure measurement system

Specification Manufacturer

Pressure sensor KYBD14 pressure sensor Kangyu Control Systems Engineering
Full range: 20-400mmH,0 Inc.
Output: 4-20mA

A/D module ADAM-4017 Taiwan Advantech Co., Ltd.
ADAM-4520 Taiwan Advantech Co., Ltd.
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Table 6.2 Powder characteristics of polypropylene particles

PP Type d, Caesural Descendent Spatular Gassy Compressed Compressed
(mm) Angle (°) Angle(®) Angle(°) cumulate cumulate ratio (%)

density density

(kg/m3) (kg/m3)
PP0.68  0.68 44 21 44 460 520 13
PP1.13  1.13 40 16 41 412 446.5 8.4
PP1.69  1.69 41 21 42 416 445.5 7.1
PP2.24 224 39 21 42 396 445 12.4
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CHAPTER 7 MODELING AND OPTIMIZATION OF THE
PROPYLENE POLYMERZATION PROCESS

[Abstract] Hypol propylene polymerization process is analyzed. Steady and dynamic
models are developed and industrial process data necessary for the models collected.
The effects of reaction temperature, slurry level in the reactor, hydrogen concentration
in the gas phase and flow rate of the inlet streams on the polymerization process are
investigated. The responses of the polymerization process to pulse disturbance and step
action are also studied. The effects of the measurement noises of temperature, level
and hydrogen concentration sensor on the processes are simulated. The dynamic model
is validated by industrial grade transition processes. Based on the models, new
polymerization processes are proposed. They are “a slurry reactor and a fluidized bed
reactor in series” and “a slurry reactor and two fluidized bed reactors in series”.
Operating conditions that allow these two new processes to produce the original grades
are identified. Simulated results show that the “a slurry reactor & a fluidized bed
reactor in series” process is most suitable for producing polypropylene with broad
molecular weight distributions.

Concluding remarks

1. Modeling of the propylene polymerization process

Based on an analysis of Hypol propylene polymerization process and plant data
of the industrial process, steady state and dynamic state multiple active site models for
the propylene polymerization process are developed. They are validated using plant
data for two polypropylene grades. Simulated polypropylene yield and molecular
weight distribution in each of the reactors are in good agreement with the plant data.

2. Effects of the operating conditions of the process

The effects of the operating conditions of the slurry reactor on the
polymerization process and product quality are studied using the steady and dynamic
models. As the reaction temperature or slurry level increases, the polymer yield
increases and its molecular weight remains almost unchanged. Polymer molecular
weight decreases and the pressure in the reactor increases with increasing hydrogen
molar fraction in the gas phase. The polymer yield increases with increasing the flow
rate of the inlet streams.

Thereafter, the effects of the operating conditions of the fluidized-bed reactor on
the polymer yield and molecular weight are investigated. The output of polypropylene
increases with increasing reaction temperature or pressure in the reactor. The grade of
the polymer is controlled to a large extent by the molar fraction of hydrogen in gas
phase.

3. Dynamic characteristics of the reactor

Industrial processes are subjected to known and unknown disturbances. The
dynamic models are used as a basis to investigate the dynamic characteristics of the
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propylene polymerization process under pulse disturbance, measurement noise and
process step action. Under a pulse disturbance if state variables such as the yield of
propylene, molecular weight of the polymer are changed at the beginning and then
return to the steady state values, the process is stable.

The white noise of temperature and hydrogen concentration measurements
affects mostly the flow rate of the hydrogen inlet stream. That of the slurry level
measurement has a great impact on the flow rate of the outlet streams.

When the flow rate of the catalyst is subjected to a step change, the output of the
polymer reaches a new steady state in 2.5 hours. Meanwhile, the molecular weight
changes only slightly and is thus negligible. When the flow rate of propylene is
subjected to a step change, that of polypropylene reaches a new equilibrium in 2 hours
and its molecular weight in about 4 hours. As for the slurry level, when it is subjected
to a given step change, the molecular weight reaches a steady state value in about 2.7
hours. It is concluded that when the polymerization process is subjected to a step
change, the response of the polymer molecular weight is the slowest. Thus it is
important to shorten the response time of the polymer molecular weight to reach a
prescribed value for the polymer molecular weight.

4. Simulation of the grade transition

The effect of the mass transfer of hydrogen on the dynamic characteristics of the
propylene polymerization process is simulated. It is found that for industrial grade
transition processes, when the mass transfer coefficient of hydrogen is unity,
simulated changes in polymer molecular weight are in good agreement with the plant
data.  Simulations show that the dynamic model possesses good adaptability to the
grade transition process.

5. Process optimization

New propylene polymerization processes are proposed based on the steady and
dynamic models for the Hypol polymerization process composed of four-reactors in
series.

One of the new processes uses only two of the fours reactors of the Hypol
process, i.e., a slurry reactor and a gas phase reactor. In other words, the Hypol
process can be re-arranged to two independent new processes. Each is able to
produce polypropylene with the same molecular weight as that of the Hypol process.
The only change in the operating conditions with respect to the Hypol process is to
adjust the molar fraction of hydrogen in the gas phase of the fluidized bed reactor to
1.02%. To produce grade F, the only change is to adjust the molar fraction of
hydrogen to 0.18%.

The total production capacity of the two independent processes can be 40%
higher than the Hypol process. When the polymer concentration in the slurry reactor
of the new process is equal to that in the second reactor of the Hypol process, the
total production capability of the two new processes can be more than 50% higher
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than the Hypol process.

The process of “a slurry reactor & two fluidized bed reactor in series” would be
recommended for copolymerization. For grade S, the molar fractions of hydrogen in
the first and second gas reactors should be adjusted to 0.78 and 1.18 %, respectively.

Simulated results show that the “a slurry reactor & a fluidized bed reactor in
series” process is most suitable for producing polypropylene with broad molecular
weight distributions.
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Table 7.1 Typical operating conditions of the Hypol propylene
polymerization process

1™ reactor 2" reactor 3" reactor 4™ reactor
Phase Slurry phase Slurry phase Gas-solid phase ~ Gas-solid phase
Pressure, MPa 3~4 2.7~3.5 1.7~1.9 1.2~1.5
Temperature, C 70 65~67 80 70
Residence time, hr  ~0.6 ~0.6 1.1~1.2 1.0~1.1
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Fig. 7.1 Flowsheet of Hypol propylene polymerization process
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Fig. 7.2 Comparison of the polypropylene melt flow index between model
predictions and plant data
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Fig. 7.3 Flowsheet of the condensed cooling system on the top of the slurry reactor
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Table 7.2 Operating conditions of the recycle system on the top of the slurry reactor

Item Unit Grade S Grade F
Flowrate of recycle gas in 1* reactor Nm’/hr 6279.6 5264.6
Hot stream outlet Temp. in cooler of 1 reactor C 32.35 67.0
Flowrate of cooling water to cooler of 1%reactor T/hr 301.6 175.1
Cold stream outlet temp. in cooler of 1* reactor C 29.2 32.1
Cold stream inlet temp. in cooler of 1% reactor C 21.9 22.5
Flowrate of recycle gas in 2™ reactor Nm’/hr 2318.1 1686.2
Hot stream outlet Temp. in cooler of 2" reactor C 31.9 61.9
Flowrate of cooling water to cooler of 2" reactor ~ T/hr 88.06 68.09
Cold stream outlet temp. in cooler of 2™ reactor C 33.0 36.1
Cold stream inlet temp. in cooler of 2" reactor C 21.9 22.5
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Table 7.3 Simulation results of the condensed cooling unit in the top of slurry reactor

Item Unit Grade S Grade F
Flowrate of vapor in 1* reactor kmol/hr 969 959.2
Mass fraction of vapor to cooler in 1* reactor unit 0.707 1
Flowrate of recycle gas in 1% reactor unit Nm’/hr 6282 5264
Flowrate of vapor in 2™ reactor kmol/hr 4114 430.7
Mass fraction of vapor to cooler in 2" reactor unit 0.7576 1
Flowrate of recycle gas in 2™ reactor unit Nm’/hr 2317 1686
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Table 7.4 Polypropylene yields calculated using energy balance

Reactor Item Grade S Grade F Unit

1™ reactor Heat remove by cooling water 2382 1817 Mcal/hr
Yield (Min.) 4937 3766 kg/hr
Yield (estimated) 7053 ( on the 5380 kg/hr

high side)

2" reactor Heat remove by cooling water 1061 1004 Mcal/hr
Yield (Min.) 2199 2081 kg/hr
Yield (estimated) 3141 2973 kg/hr
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Table 7.5 Polypropylene yields in the slurry reactor by DING Jian!"*"

Unit 1% reactor 2" reactor 3" reactor
Yield T/hr 54 3.1 1.7
Temperature C 70 63 16.7
Flowrate of propylene T/hr 16.1 18.9
Conversion of propylene % 33.5 16.4
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Table 7.6 Estimated polypropylene yields in the slurry reactor

. Grade S Grade F
Unit st nd st nd
1> reactor 2™ reactor 1> reactor 2" reactor
Temp. C 69.3 64.6 69.3 64.6
Flowrate of propylene ~ Kg /hr 17206 21832 17220 21888
Conversion of propylene % 33.5 16.4 33.5 16.4

Yield kg/hr 5764 2635 5769 2643
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Table 7.7 Estimated polypropylene yield in each of the reactors

Unit 1* reactor 2™ reactor 3" reactor 4™ reactor output
Yield kg/hr 6087 2639 2266 1008 12000
Ratio % 50.7 22.0 18.9 8.4 100%

7.1.3 ETFRFEMHARNEENFHRSREEE

SN T3 5 U S SR A A R (R, TSRS SN B A
A RE ST AL NE RRE SIW S e DA ST MERCIR AE (=11 PN R RS s RS e A K o
B S HOT I RE RS B AR, ELAEAETR 1 S s P8 S PERE R AN B T fiff o

ARG SN BT 27 H A B R R BN ds BRAEAAEANRD AR BE —
AR T R G N B A 8 TTRES R 3K G 8l 0027 H Bk U
AT S s DS S, BEAR IS AN R N RBh AL USR]
B BERKAE G N IS A RER e s FLUC LA it VR S ) S sl 0y 1
N HARRE BT AT — AN TEAL,  n] T AR B i i AR [ R
BEFAZ WL MR GBI BE B 0y 1 A & D A Bl s e oI A2
VERT SR, B e 2 MG TEAL B 0 22 K, ARG 3 1 B RO A G o 2K
o DR, BERLE H br eR SR S AN 1R A

Hypol PG IR H RN MR G2 WA TR G BRI, %
S MRA IR B AN s 1 AR, A% 50 0 2 8 RO 5 15 IR bn o 48 I B H
(IR S 3L o3 oA o AE S ) 5 B0 SR S TR o A S M R S
FIBITFE A AT, B T A A 8 M i L 3 O SR B B R OR, B RS
B 738 S oA (R RS MR o B A4 0 S AR 2% 1 B3 B il e L A% 5
(VISR 5 A B, SRR RS W BB 5 LA 32 D R G 00 T U v A

127



BTE ONREREB S

B AFEALTRPE .

180 01 27 1 F S N g A RE 1) SCHRYE TN N, 45 e A [R] S N 28 (1) B ) 270
o MPE N ORI REE A . BET IR BERKG . BERIE SRR T
SN B 05 e 1 B VAL Bl ) 2 R P R T

1) P ARG A R S A A3 2R B ™ AT & T B s

2) AR MR ST P S B0 ) 2l B A R N AR SR S A e AR A

ARFFE TV H

FRPE TNV ERAE AR S A s, 1921 7 - J5 70 N 1 8)) ) 27 B s A g W

*78 .

R78 HIFMEERI RN HE S (ZHIRKE 69.3 C)

Table 7.8 Kinetic parameters for the single active site catalytic scheme (T 69.3°C)

Reaction Reactant 1 Reactant?2 Ko E, Kcal/mol  Order
Act-Cocat Cat Cocat le-5 12 1
Act-Mon Cat Propylene 0.1 12 1
Chain-ini Propylene 201 12 1
Propagation Segment Propylene 201 12 1
Chat-mon Segment Propylene 0.1 12 1
Chat-H, Segment H2 10 12 0.5
Deact-spon 4.5e-5 1 1

K79 FIEPEARUL: R — & SOV A T
Table 7.9 Simulated polymer yield in each of the reactors using the single active site catalytic
scheme

" reactor 2™ reactor 3" reactor 4" reactor Output kg/hr

Polymn. Yield by estimation 50.7% 22.0% 18.9% 8.4% 12000
Grade S 52.2% 21.9% 17.1% 8.9% 11899
Grade F 52.2% 22.2% 16.6% 9.0% 12312
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Table 7.10 Polymerization yield ratio by estimation and simulation

Polymerization Grade S Grade S Grade F Grade F
yield ratio 1 active site 6 active sites 1 active site 6 active sites
(Table 7.7)
1% slurry reactor 50.7% 52.1% 51.8% 52.2% 52.0%
2" slurry reactor 22.0% 21.9% 22.2% 22.2% 22.2%
1* gas phase reactor 18.9% 17.1% 17.1% 16.6% 16.7%
2" gas phase reactor 8.4% 8.9% 8.9% 9.0% 9.1%
Output, kg/hr 12000 11899 11892 12312 12262
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Table 7.11 Comparison of the PP the weight-average molecular weight between model predictions

and plant data
Grade S Grade S Grade F Grade F
Exp. data Simulated Exp. data Simulated
1* slurry reactor, g/mol 177179 178264 248892 249796
2 slurry reactor, g/mol 171925 168198 211390 230638
1% gas reactor, g/mol — 177589 — 2464438
2" gas reactor, g/mol 168195 173231 292899 254017
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Table 7.12 Comparison of the hydrogen mole fraction in the gas phase between model predictions

and plant data
Ik Grade S Grade S Grade F Grade F
Measured Simulated Measured simulated
1% slurry reactor 1.70 1.70 0.53 0.523
i slurry reactor 3.90 3.90 1.90 1.882
1% gas reactor 0.38 0.376 0.07 0.070
2" gas reactor 1.54 1.542 0.045 0.045
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Fig. 7.5 Flowsheet of the Hypol propylene polymerization process in Aspen Dynamics
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Fig. 7.30 Effect of a white noise of the temperature measurement on the state variables of the
process (£0.5C)
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Table 7.13 Ranges of the state variables with a temperature measurement noise

White noise Temp. Pressure Mw H, flowrate PP Vi
C C 10°Pa kg/kmol kg/hr kg/hr kmol/kmol

Max 69.32 30.79 176535 0.690 5657 0.0170

+0.01 Min 69.28 30.76 176522 0.672 5652 0.0170
Max. error % 0.03 0.05 0.00 1.43 0.05 0.05

Max 69.39 30.83 176545 0.714 5665 0.0170

+0.05 Min 69.22 30.72 176514 0.641 5647 0.0170
Max. error % 0.13 0.18 0.01 5.97 0.14 0.19

Max 69.44 30.86 176539 0.751 5670 0.0171

+0.1 Min 69.16 30.68 176507 0.614 5640 0.0169
Max. error % 0.21 0.30 0.01 9.82 0.27 0.40

Max 69.74 31.05 176595 0.892 5706 0.0172

+0.5 Min 68.92 30.54 176476 0.462 5605 0.0168
Max. error % 0.63 0.88 0.04 32.35 0.92 1.37

Max 70.14 31.30 176653 1.069 5749 0.0174

+1 Min 68.38 30.21 176427 0.265 5567 0.0166
Max. error %% 1.32 1.83 0.07 60.98 1.65 2.44
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Table 7.14 Ranges of the state variables with a slurry level measurement noise
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Fig. 7.31 Effect of a white noise of the slurry level measurement on the state variables of the
process (£0.01m)
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Max. Min. Max. error | Max Min Max. error
(%) (%)

Level, m 3.68 3.67 -0.13 3.682 3.670 0.17
Pressure, 10°Pa 30.776 30.771 -0.01 30.777 30.770 0.01
MWW, kg/kmol 176532 176523 0.00 176535 176522 0.00
H, flowrate, kg/hr 0.697 0.668 2.24 0.700 0.664 2.78
Outstream flowrate, 18211 16185 19286 15365

kg/hr -6.33 11.97
Heat duty, GJ/hr 10.09 10.01 -0.40 10.13 9.98 -0.74
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Fig. 7.32 Effect of a white noise on H, molar fraction in the gas phase measurement (=1e-4) on the
state variables of the process
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Table 7.15 Ranges of the state variables with a measurement noise on yy»

State variable V2 X2 MWW H, P Heat duty

kmol/kmol  kmol/kmol  kg/kmol kg/hr 10°Pa GJ/hr

Max 0.0173 4.99¢-4 176776 2.41 30.79  10.055

+le-3 Min 0.0167 4.79¢-4 176264 0 30.75 10.055
Max. error % -2.18 2.22 -0.15 265 -0.07 0.00

Max 0.0171 4.93e-4 176588 0917 30.78  10.055

+le-4 Min 0.0169 4.87e-4 176428 0.523 30.77  10.055
Max. error % -0.65 -0.66 -0.05 34.6 -0.02 0.00

Max 0.0170 491e-4 176547 0.718 30.77  10.055

+2e-5 Min 0.0170 4.89¢-4 176503 0.649 30.77  10.055
Max. error % -0.17 -0.18 -0.01 5.27 -0.01 0.00
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Fig. 7.33 Responses of polymerization rate and molecular weight to a step input of the catalyst
flowrate
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Fig. 7.34 Responses of the flow rate in the outstream and molecular weight of PP to a step input of
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Fig. 7.35 Responses of the flowrate in the outstream and molecular weight of PP to a step input of
the setpoint of temperature
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Fig. 7.36 Responses of the flowrate in the outstream and molecular weight of PP to a step input of
the setpoint of the slurry level
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Chapter 7 Modeling and Optimization of the Propylene Polymerization Process
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Table 7.16 Typical operating conditions of the slurry reactors of the Hypol process

1* reactor 2" reactor
Reactor volume, m” 32 32
Phase volume, m’ ~16 ~16
Reactor diameter, m 2.5 2.5
Pressure, MPa 3~4 2.7~3.5
Temperature, C 70 65~67
Agitator diameter, m 1 1
Agitating speed, rpm 131 131
Recycling gas flowrate, m’/hr ~180 ~90
PP concentration, gPP/L liquid 165 350
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Npg =T.0N *O7 02 =700 =< =9.11 (7.23)
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Fig. 7.40 Catalyst flowrate as a function of time in the plant
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Fig. 7.41 Comparison of the hydrogen flowrate in each of the reactors between model input and
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Fig. 7.42 Comparison of the weight-average molecular weight of the polypropylene in each of the
reactors between model predictions and plant data
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Fig. 7.43 Comparison of the melt flow index of polypropylene between model predictions and
plant data
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Table 7.17 Production rate for Grade S and F in each of the reactors

1™ reactor 2™ reactor 3" reactor 4" reactor Production rate
kg/hr
Polymn. Yield 50.7% 22.0% 18.9% 8.4% 12000
by estimation
Grade S 52.2% 21.9% 17.1% 8.9% 11899
Grade F 52.2% 22.2% 16.6% 9.0% 12312
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Table 7.18 Concentration of PP at the 2™ reactor for grades S and F

Grade  Flowrate of propylene, kg/hr  Flowrate of PP, kg/hr  Concentration of PP, wt.100%

S 21832 8817 40.4
F 21888 9160 41.9
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Fig. 7.44 Effect of the catalyst flowrate on the mass fraction of PP at the outlet

Zi k., %&ﬁﬁﬁﬂ%ﬁmtﬁ@%%ﬁ%ﬁMﬁ%@%ﬁyﬁm&@%
HY R[5 5IA 40%, ST Bt IO RE T i 228 .

7.5.2 SHEHEML

1. B-SMHEENMN
NSRS BB S AT A T T LAAS B, AR S R B, S o 8 48 1 A e

154



Chapter 7 Modeling and Optimization of the Propylene Polymerization Process
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Fig. 7.45 Effect of the recycle gas temperature on the polypropylene production rate
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Fig. 7.46 Effect of the setpoint of PP concentration in the slurry reactor on the polymerization rate
in the gas reactor
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Chapter 7 Modeling and Optimization of the Propylene Polymerization Process
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Fig. 7.47 Flowsheet of “a slurry reactor and a gas reactor in series” process
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Table 7.19 Simulated results for “a slurry and a gas reactor in series” process for grade S

Reactor Hypol process “1 slurry and 1 gas reactor in series”
PP Mw Y2 PP Mw Y2
kg/hr kg/kmol mol.% kg/hr kg/kmol mol.%
1% slurry reactor 6158 178264 1.70 6158 178264 1.70
Pi slurry reactor 2645 168198 3.90
1* gas reactor 2033 177589 0.376 2525 189956 0.376
2" gas reactor 1056 173231 1.542
sum 11892 8683
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Table 7.20 Simulated results for “a slurry and a gas reactor in series” process for grade F

Reactor Hypol process “1 slurry and 1 gas reactor in series”
PP Mw Y2 PP Mw YH2
kg/hr kg/kmol mol.% kg/hr kg/kmol mol.%

1% slurry reactor 6380 249796 0.523 6380 249796 0.523
Pi slurry reactor 2718 230637 1.882

1 gas reactor 2061 246448 0.070 2551 269237 0.069

2" gas reactor 1111 254017  0.045

sum 12261 8931
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Table 7.21 Operating conditions for “a slurry and a gas reactor in series” process
Grade S Grade F
Slurry reactor Gas reactor Slurry reactor Gas reactor

Temperature, 'C 69.30 83.02 69.3 83
Pressure, MPa 3.073 1.884 2.974 1.884
yi2 mol.% 1.7 1.02 0.53 0.176
Polymerization rate, kg/hr 6158 2525 6380 2551
Mw, kg/kmol 178264 173232 249796 254012
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Chapter 7 Modeling and Optimization of the Propylene Polymerization Process
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Table 7.22 Comparison of the weight-average molecular weight of PP between different reaction
temperatures (Grade S)

Reaction temperature, C 69.30 74
Pressure, MPa 3.073 3.276
vz mol.% 1.7 1.56
Polymerization rate, kg/hr 6158 7230
Weight-average molecular weight, kg/kmol 178264 175572

#7.23 ALK EIN S 43 kg/hr I 5 LR (35 S)
Table 7.23 Comparison of the weight-average molecular weight of PP between different catalyst
flowrates (Grade S)

Catalyst flowrate, kg/hr 33.9 43
Pressure, MPa 3.073 2.966
vz mol.% 1.7 1.87
Polymerization rate, kg/hr 6158 7308
Weight-average molecular weight, kg/kmol 178264 174615

BRI SR FEAR, AEAHRIP SR G 4T O N BEAERFAE 69.37C) 5 fiEfk
FUT RGN A 43 kg/hr, AR N 25 [ 5 IR R 40%, WA N 25 144
S TR TR bR WA 7.230 AL RIGE G NI, SOV BEAIG, AR EE
WA EIE, REW T REIEAAR . WHEAFIGE R NS 43 kg/hr B, 3580
SARIEN 1.87%, oA 7 v LLE AR, WAH B 2 110 [ 75 i 40%.
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Table 7.24 Comparison of the weight-average molecular weight of PP between different operating
conditions (Grade S)

1 Temperature 2 Catalyst flowrate

Hypol process changed changed
Slurry Temperature T 69.3 74 69.3
reactor Pressure MPa 3.073 3.276 2.966
Catalyst flowrate ~ kg/hr 33.9 33.9 43
VH2 mol.% 1.7 1.56 1.87
PP flowrate kg/hr 6158 7230 7308
Mw kg/kmol 178264 175572 174615
Gas Temperature T 83 83 83
reactor Pressure MPa 1.884 1.884 1.884
VH2 mol.% 1.02 0.87 0.87
PP flowrate kg/hr 8683 9673 10154
Mw kg/kmol 173232 173231 173231
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Chapter 7 Modeling and Optimization of the Propylene Polymerization Process
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Table 7.25 Simulated results for the “a slurry and two gas reactors in series” process for grade S

Reactor Hypol process “One slurry & two gas reactors in series”

PP Mw Y PP Mw Y
Kg/hr kg/kmol  mol.% kg/hr kg/kmol mol.%

1* slurry reactor | 6158 178264 1.70 6158 178264 1.70

2 slurry reactor | 2645 168198 3.90

1™ gas reactor 2033 177589 0.376 2524 189956 0.376

2" gas reactor 1056 173231 1.542 1193 182517 1.543

Sum 11892 — — 9876 — —

K726 WRR=BWBERGIFEL R (Grade F)
Table 7.26 Simulated results for the “a slurry and two gas reactors in series” process for grade F

Reactor Hypol process “One slurry & two gas reactors in series”

PP Mw Y PP Mw Y
Kg/hr kg/kmol mol.% | kg/hr kg/kmol mol.%

1% slurry reactor 6380 249796 0.523 6380 249796 0.523

2 slurry reactor 2718 230637 1.882

1* gas reactor 2061 246448 0.070 2551 269237 0.069

2" gas reactor 1111 254017 0.045 1259 276742 0.045

Sum 12261 — — 10190 — —
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RS I BRAE SR, =38 B IR R 0 46 7= T IR 7= 40 T8 R A
Ao PR SR =2 B RIS, Ao TR A L s AR,
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B2 T SR B PR 4 T, T T AR 0 S S B ) AR R o AT R
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Table 7.27 Operating conditions for the “a slurry and two gas reactors in series” process (Grade S)

Temp. P PP Mw Yo
C MPa kg/hr kg/kmol mol.%
1% slurry reactor 69.3 3.073 6158 178264 1.70
1** gas reactor 83 1.884 2524 177589 0.78
2" gas reactor 80 1.266 1193 173231 1.18
sum 9876

728 WA= EWE L 2L (Grade )
Table 7.28 Operating conditions for the “a slurry and two gas reactors in series” process (Grade F)

Temp. P PP Mw Yo
C MPa kg/hr kg/kmol mol.%
1* slurry reactor 69.3 2.974 6380 249796 0.523
1" gas reactor 83 1.884 2551 246448 0.273
2" gas reactor 80 1.295 1259 254017 0.067
sum 10190
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Table 7.29 Comparison of the weight-average molecular weight of PP between different operating
conditions (Grade S)

Scheme 1: Scheme 2:
Hypol process Temperature catalyst flowrate
changed changed

Temperature C 69.3 74 69.3
Pressure MPa 3.073 3.276 2.966

Slurry Catalyst flowrate  kg/hr 33.9 33.9 43

reactor V2 mol.% 1.7 1.56 1.87
PP flowrate kg/hr 6158 7230 7308
Mw kg/kmol 178264 175572 174615
Temperature C 83 83 83

st Pressure MPa 1.884 1.884 1.884

rleafi‘osr Vin mol.% 0.78 0.62 0.66
PP flowrate kg/hr 8682 9560 10159
Mw kg/kmol 177589 177588 177589
Temperature C 80 80 80

nd Pressure MPa 1.266 1.584 1.584

fea (ﬁf‘; Vin mol.% 1.18 1.33 1.24
PP flowrate kg/hr 9876 10995 11908
Mw kg/kmol 173231 173231 173231
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Chapter 7 Modeling and Optimization of the Propylene Polymerization Process
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Table 7.30 Simulated results for the “two slurry reactors in parallel” process

1™ reactor 2" reactor Product
H, fraction in gas phase mol.% 0 20
PDI 6.77 6.61 16.37
Mn 71035 9392 16773
Mw 481185 62091 274615
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Fig. 7.49 Molecular weight distribution of PP produced by the “two slurry reactors in parallel”
process
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Fig. 7.50 Molecular weight distribution of PP produced by the “a slurry and a gas reactor in
series” process
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Chapter 7 Modeling and Optimization of the Propylene Polymerization Process
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CHAPTER 8 CONCLUSIONS AND FUTURE WORK

In this thesis, rigorous steady and dynamic models have been developed for an
industrial propylene polymerization process. They have then been used to develop
new processes based on the existing one. For that purpose, this thesis has:

® reviewed the state of the art of the olefin Ziegler-Natta catalysts;
® analyzed classical propylene polymerization processes and their characteristics;

® analyzed the characteristics of industrial slurry and gas phase propylene
polymerization reactors using representative slurry propylene polymerization and
gas phase polymerization reactors in series; studied the models for calculating the
thermodynamic properties of complex propylene polymerization systems and
methods for determining their parameters;

® developed a dynamic model for an entire industrial propylene polymerization
process composed of a slurry reactor and several gas phase reactors in series.
This model is based on rigorous polymerization kinetics involving several
Ziegler-Natta active sites;

® investigated the operating conditions and dynamic characteristics of the reactors;
® simulated grade transition processes and optimum polymerization processes.

Some of the results are original, and scientifically and technologically relevant.

8.1 Analysis and optimization of propylene polymerization
reactors

The optimization policy of agitated slurry propylene polymerization reactors is to
keep polypropylene particles suspended, enhance the dispersion and mass transfer of
hydrogen, intensify the heat transfer by the vaporization of the liquid propylene and in
the jacket, and improve the dispersion of circulating propylene gas in the reactor. The
power consumption, gas holdup and heat transfer in the Hypol gas-liquid agitated
reactor are investigated experimentally. The results can be used to design and
optimize this type of agitated reactor.

Gas holdup: &, =0.0393[(P; + P,)/V]" >y, 0>

Power consumption under gassing condition: Npg =7.0N Q_O‘OSMF 0233

Heat transfer under gassing condition: Ny = 0.675Hz%23¢ pr033 pjg0-14

Hz =Re*+6.22x10”(N,, = 0.70Fr'**)Re
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The power consumption, fluidization process and pressure fluctuation in an
agitated fluidization bed with a frame impeller or a dual anchor impeller, cooperating
with orifice gas distributor and half-cone-shaped cap gas distributor, are investigated.
The effects of the impeller, gas distributor, powder diameter and superficial gas
velocity on the fluidization process are studied. Correlations between the critical
fluidization gas velocity and pressure drop of the bed are obtained.

0.69

(pp _pg) xd 1.07

Umf =0.083x ,ugo,sspgo,w P

AP =1.03%(Ly)"" x(1-£,)(p, = 0,)

The impeller an agitated fluidized bed prevents the powder from agglomeration
and slugging, stabilizes the fluidized and improves the fluidization quality. Design
and optimization principles for agitated fluidization beds are proposed.

The optimization policy, i.e., decreasing the polydispersity of the powder
diameter and increasing the bed height and gas velocity, is proposed. It allows the
conversion of the production of powder type polypropylene to that of small-sphere
type polypropylene in the Hypol gas fluidized bed and the intensification of the
time-space yield load.

8.2 Modeling and optimization of industrial propylene
polymerization processes

Methods based on the re-parameterization of PC-SAFT state equation are
developed to calculate the properties of each of the components of the
propylene-hydrogen-polypropylene liquid and gas phase polymerization systems. The
three pure-component parameters of PC-SAFT model (segment number m, segment
diameter g, and segment energy parameter g/kg) are obtained using the literature data
for the propylene-hydrogen-polypropylene system. The results are summarized in the

following table.
Component Propylene Hydrogen Polypropylene
r (mol/g) — — 0.02753
m 1.9926 0.9863 —
o (A) 3.5162 2.8242 3.9778
elkg (K) 205.26 20.876 261.94

The binary interaction parameter k; are obtained by regressing
propylene-hydrogen and propylene-polypropylene equilibrium data. The binary
interaction parameter is 0.064 and 0.074 for propylene-hydrogen and
propylene-polypropylene, respectively. The accuracy of PC-SAFT state equation
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using the regressed parameters obtained in this work outperforms those of
Peng-Robinson equation, S-L equation and PC-SAFT state equation using the
literature data.

The mechanism of Ziegler-Natta catalyzed propylene polymerization is analyzed.
The polymerization scheme suitable for industrial processes consisting of catalyst
co-catalyst and monomer activation, chain initiation, chain propagation, chain transfer
to monomer and hydrogen, chain deactivation is proposed. The reasonable ranges of
the kinetic constants and activation energies are also determined. According to the
molecular weight and molecular weight distribution of two polypropylene grades, the
number of active sites for the catalyst is found to be 6. The effect of kinetic constants
on polymer production and molecular weight analysis shows that the chain
propagation and deactivation constants have great influence on the yield of
polypropylene and that the chain transfer and propagation constants have great
influence on the molecular weight. This provides guidance for re-adjusting model
parameters for process modeling.

Based on the propylene polymerization mechanism and kinetics, a steady model
is developed for an industrial propylene polymerization process composed of four
reactors in series. It uses a single active site reaction scheme and the yield of
polypropylene in each of the reactors as a benchmark. Meanwhile, steady and
dynamic models based on a multiple active sites reaction scheme are developed with
the molecular weight and its distribution as the targets. They are validated by plant
experiments.

The effects of the process conditions on the process state variables such as
polymerization yield and molecular weight are simulated using the steady and
dynamic models developed. The dynamic characteristics of the propylene
polymerization process under pulse disturbance, process step action and measurement
noise are studied. They provide quantitative support to the process optimization and
control. In addition, a new viewpoint that the mass transfer of hydrogen may affect
the dynamic characteristics of the slurry propylene polymerization process is
proposed and validated. Optimum propylene polymerization processes are simulated.
This leads to two optimum processes: “a slurry reactor and a fluidized bed reactor in
series” and “slurry reactor and two fluidized bed reactors in series”. The
corresponding optimum operating conditions are proposed. Under these conditions,
the time-space load can be greatly increased while the molecular weight distribution
remains unchanged.

The feasibility of manufacturing polypropylene with broad molecular weight
distributions is simulated. It is shown that a process composed of “a slurry reactor and
a fluidized bed reactor in series” process is best suitable for producing polypropylene
with a broad molecular weight distribution.
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8.3 Future work

It is very challenging to develop steady and dynamic models for industrial
polyolefin processes based on rigorous polymerization mechanisms. The work
reported in this thesis is far from complete. Hopefully it will trigger the interest of
more researchers in this field. In fact short of time, several issues remain to be
addressed:

1. Flow and mixing are often non-ideal in industrial polymerization reactors.
However, there is a lack of mathematical models capable of quantitatively
describing/predicting them. In this work, the effect of the gas-liquid mass
transfer of hydrogen on the polymerization process is taken into account.
However, the reactors are considered as being ideal continuously stirred tank
reactors (CSTR). Integration of the modeling of non-ideal reactors and that of
polymerization kinetics will further improve the accuracy of the model. The
amount of calculations will also increase in an exponential manner.

2. The copolymerization of ethylene and propylene is not dealt with in this
work because of the difficulties in obtaining parameters of the product at the
molecular level and data of the process during operation. Work in this
direction is of more industrial significance.

KRR T I 4 Ziegler-Natta AL IR K E, 8T T AN
SR A L2 SRR i, DR (R AR VA AR SR S R AR R & R IR T2
TR, ATV ACER G 2 B 1R A BER N VB A AR TR G S Bt I SR R A S
AT T HIT s W9 T NGRS B AAE R ) et SR R IL S H 0 e 7
s MR ER A I NI R IR AL LB RN S N Bl 123 AT, B35 T Ziegler-Natta {4k
A 2 0GP N Bl g 2 0 AR RV 22 A B 24 B I 117 0 DA s 2R A5 22
BRSNS AT T VB ERAESAT M SRR i RSk A,
AL AU . 1R SCHAT T — LR AF A FE 45 R

8.1 WiaR & RMEBLERTSHL

1 S A RO A A SR o i F DA Ji D i A R 51 PR A RURE [1 27 2
BEr 7 BT AR A AR P 2 ORI S5t 2 P A PR 28 B RN T )
IR TAE SN e A 73 LA S SR A% A S8 T 58 T Hypol L ZIMUAHTEFE 2 I
A BB R RV AR A B BRe I, R4S T — R ATH
RIsea R, TS BERE DOV s iR e v A pite . Fer:

TG H: £, =0.0393[(B; +Py)/ V1PV
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)WY T BT PR 5 P A P AE 3B LERURE FRORG &+ T BRPRJZ AP (7R 9
FLEARZ T FOERSAL SRR, s T B R B
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Component Propylene Hydrogen Polypropylene
r (mol/g) — — 0.02753

m 1.9926 0.9863 —

o (A) 3.5162 2.8242 3.9778

elkg (K) 205.26 20.876 261.94

X IR AT A 23 R A ~ 2 IR~ SR A 1~ Kl
15 2 A~ E 0 0 H S0 0.064, NI~ R M —I0a8 H S 50N
0.074, RHA G IESH1) PC-SAFT RZ TR T IR A AR R P& A
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TITIRE : Modélisation de réacteurs et procédés de polymérisation
de propyléene industriels

RESUME : Ces travaux de recherche ont pour objet de développer des modéles statiques et
dynamiques pour un procédé de polymérisation de propyléne industriel. Ces modeéles ont
ensuite été employés pour proposer de nouveaux procédés sur base du procédé existant. A
cette fin, cette étude a réalisé les aspects suivants :

Etude de I'état de I'art de la catalyse Ziegler-Natta pour la polymérisation d'oléfines ;

(1 Etude des caractéristiques des procédés de polymérisation de propyléne classiques ;

O Etude des caracteristiques des réacteurs de polymérisation de propyléne en suspension
et en phase gazeuse en prennant comme exemple des réacteurs en série, d'une part ;
et des modeéles et méthodes de calcul des paramétres thermodynamiques de systémes
de polymérisation de propylene complexes, d'autre part ;

O Développement d'un modele dynamique pour un procédé de polymérisation de
propyléne industriel composé d'un réacteur en suspension et plusieurs réacteurs en
phase gazeuse en série. Ce modéle a été basé sur des cinétiques de polymérisation
faisant appel & plusieurs sites catalytiques ;

O Etude des conditions opératories et des caractéristiques dynamiques des réacteurs ;

0 Simulation des procédés de changement de grade et optimisation de ces procédés.

Certains résultats de ces travaux sont originaux et significantifs sur le plan scientifique et sur
le plan technologique.

TITLE: Modeling of industrial reactors and processes for the
polymerization of propylene

ABSTRACT: In this thesis, rigorous steady and dynamic models have been developed for an
industrial propylene polymerization process. They have then been used to develop new

processes based on the existing one. For that purpose, this thesis has:
01 reviewed the state of the art of the olefin Ziegler-Natta catalysts;

01 analyzed classical propylene polymerization processes and their characteristics;

[0 analyzed the characteristics of industrial slurry and gas phase propylene polymerization
reactors using representative slurry propylene polymerization and gas phase
polymerization reactors in series; studied the models for calculating the thermodynamic
properties of complex propylene polymerization systems and methods for determining
their parameters;

0  developed a dynamic model for an entire industrial propylene polymerization process
composed of a slurry reactor and several gas phase reactors in series. This model is
based on rigorous polymerization kinetics involving several Ziegler-Natta active sites

investigated the operating conditions and dynamic characteristics of the reactors
[  simulated grade transition processes and optimum polymerization processes.
Some of the results are original, and scientifically and technologically relevant.
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