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Synopsis 

Propylene and ethylene polymerization in liquid and gas media are described by a multigrain 
particle model. External boundary layer heat and mass transfer effects are investigated for 
various catalysts and operating conditions. For high-activity catalysts used in slurry, external 
film mass transfer effects may be significant. For gas-phase polymerization of propylene or 
ethylene, the model predicts significant particle overheating at short times, which may explain 
the particle sticking and agglomeration problems sometimes observed in industrial reactors. 

INTRODUCTION 

In the previous paper in this series (Part III,l), detailed modeling equa- 
tions for the multigrain model were introduced together with typical o p  
erating conditions and parameters for olefin polymerization over a Ziegler- 
Natta catalyst. The thrust of the previous paper was to develop quantitative 
criteria for the existence of significant intraparticle concentration and tem- 
perature gradients in the growing polymer particle. 

The goal of the present paper is to analyze heat and mass transfer re- 
sistances in the external boundary layer of the polymer particles. We ex- 
amine both slurry and gas-phase polymerization reactors and illustrate the 
results for both ethylene polymerization and propylene polymerization. The 
effects of catalyst activity, catalyst particle size, and reactor type will be 
illustrated. 

MASS TRANSFER IN THE PARTICLE BOUNDARY LAYER 

It is normally assumed2-4 that mass transfer coefficients in the external 
boundary layer are sufficiently large that mass transfer resistance is neg- 
ligible, so that the monomer concentration at the particle surface M s  is 
essentially the same as the value in the bulk fluid Mb. However, as we 
shall show here, this conclusion is not always valid for high-activity cata- 
lysts, especially for liquid slurry polymerization. 

In order to determine whether there is significant mass transfer resist- 
ance in the external boundary layer, one may calculate the monomer con- 
centration driving force AM necessary to provide moqomer at the observed 
overall reaction rate Rob (g/g-cat-h). From arguments similar to those em- 
ployed in determining the time scale for the transients of the intraparticle 
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resistances, it is justifiable to make the quasi-steady-state approximation 
for the external film resistances. The quasi-steady-state mass balance across 
the external film of the particle is 

where k, is the external film mass transfer coefficient, A, is the external 
surface area of the polymer particle, p,V, is the initial mass of catalyst in 
the original catalyst particle of radius R ,  and density p,, and MW is the 
molecular weight of the monomer. Thus the required external boundary 
layer driving force is 

PcRc3Rob hM= 
3k, RP2MW 

In order to use this expression to assess the effect of external boundary 
layer mass transfer for a given particle-fluid system, the mass transfer 
coefficient k ,  must be estimated. 

Liquid Slurry Polymerization 

For polymerization in liquid slurry, the correlations that seem most a p  

1. Mass transfer coefficient for a single sphere in a stagnant fluid medium: 
propriate for estimation of k, are listed as follows: 

Sh = 2 (3) 

where Sh = k,d,/Db is the Shenvood number. This estimate of k,  assumes 
no relative motion between the fluid and particle. However, it provides a 
very conservative lower bound on k , . 

2. Ranz-Marshall correlation5 for a single sphere moving with relative 
velocity u:  

Sh = 2 + O.GSC'/~R~~/~ (4) 

where Sc = p / p d  D b  is the Schmidt number and 

is the Reynolds number. P dUdp 

P 
Re = 

3. Calderbank-Jones correlation for agitated slurry reactors: 
113 

p 'p &-2/3 k ,  = 0.31 - ( ' p d 2  

which has been used by others' to estimate k,. 
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4. Brian-Hales correlation8: 

Sh = (4 + 1.21 Pe2/3)1I2 (6) 

where 

Pe = d y / D b  is the Peclet number. 

This correlation was obtained by numerical solution of Stoke's equation. 
5. Nelson-Galloway correlation 

(7) 
- tanhc f 

1 - (1 - 4113 

where 

In order to use correlations 2 through 5, one must determine the fluid/ 
solid relative velocity u. From physical reasoning, one might assume that 
the relative velocity of particle and fluid is roughly that of free fall due to 
gravity but that the mass transfer would be enhanced by turbulence induced 
by mechanical agitation and by rising bubbles. However, it has been found 
experimentally that the actual value of the mass transfer coefficient is at 
most eight times larger than the value calculated for free-fall conditions. lo 

For spherical particles, the terminal velocity for free settling is given as" 

gcd;4Ap for Re < 0.4 
18P 

(9) 
4gc2(Ap)2 
225P d P  ( )'"dp for 0.4 < Re < 500 

It should be noted that the above correlation for terminal velocity is 
strictly valid only for free-settling conditions. When "hindered settling" 
conditions are encountered, as will be the case for industrial slurry reactors 
operating above 40% solids loading, the terminal velocity of the particles 
could be considerably less than calculated by eq. (9). Oldshue12 provides a 
graphic guideline by which one may easily determine whether one is in the 
hindered settling regime. 
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I 

Except where indicated, our calculations have assumed a solids fraction 
of 0.3, which is close to the borderline between the regimes. Thus, using 
the terminal velocity from eq. (9) should give a reasonable estimate of Re. 
Furthermore, since the liquid-solid mass transfer coefficient does not depend 
strongly on power input as long as the solids inventory is suspended,13 we 
may consider that the conclusions obtained using these mass transfer coef- 
ficient values will be applicable to industrial slurry reactors. 

Figure 1 shows Sherwood numbers predicted for propylene slurry poly- 
merization as a function of particle Re number, using several mass transfer 
correlations with the velocities determined from eq. (9). The physical pa- 
rameters used in these calculations are tabulated in Table I of Part 111.' 
Although diluent viscosity was assumed in the calculations, highly concen- 
trated slurry viscosity effects might reduce k, by as much as 50%. For the 
Brian-Hales correlation, the diameter of the initial catalyst particle was 60 
pm (0.006 cm). The values of Sh correspond to the mass transfer coefficients 
k, shown in Fig. 2 as a function of polymer particle size. Note that the 
mass transfer coefficients are large initially but decrease rapidly with par- 
ticle growth. As expected, the limiting case Sh = 2 gives the lowest value 
of k, and the other correlations shown yield similar values. The concen- 
tration driving force, AM (mol/L), calculated by these correlations and eq. 
(2) is shown in Fig. 3 for propylene slurry polymerization with a high activity 
catalyst (Rob = 4000 g/g-cat/h). It is seen that correlations 2, 3, and 4 give 
similar predictions. The initial driving force required is about 0.5 mol/L, 
but this decreases rapidly with particle growth because of the increase in 
external surface area for mass transfer. In the analysis below, we will use 
the Ranz-Marshall correlation to determine k , except where otherwise not- 
ed. 

The effect of initial catalyst size d ,  on the concentration driving force 
AM required is illustrated in Fig. 4 for a high-activity (Rob = 4000 g/g-cat-h) 
and a low-activity (Rob = 400 g/g-cat-h) catalyst. Note that the initial AM 
value can be as large as 1 mol/L when a high-activity catalyst with 100- 

I 

I ' I ' ""' ' 8 1 ""'I ' ' ' 
l4 

Fig. 1. Comparison of correlations for the Sherwood number for external film mass transfer 
in propylene slurry polymerization. For Calderbank-Jones correlation an initial particle size 
of 60 pm was used. 
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Fig. 2. Mass transfer coefficients from various correlations. Propylene slurry polymeriza- 

tion with initial catalyst particle size of 60 pm. 

pm particle diameter is used. In many industrial propylene slurry processes, 
the concentration of dissolved monomer in the bulk liquid phase is 4 mol/ 
L or more. Thus for the worst case of a highly active catalyst with large 
catalyst particle size, a significant external mass transfer resistance might 
be present early in the polymerization. In most cases, however, these effects 
would be negligible for liquid slurry propylene polymerization. 

For ethylene polymerization in slurry, Fig. 5 shows the k, values as a 
function of particle size for the various mass transfer correlations. As ex- 
pected, the values are virtually indistinguishable from those for propylene 
polymerization (see Fig. 2). Figure 6 shows the external mass transfer re- 
sistance for the various correlations. The effect of initial catalyst size for 
ethylene polymerization is shown in Fig. 7 using the Ranz-Marshall cor- 
relation. For large particles of high-activity catalyst, a fairly significant 
external boundary layer mass transfer resistance may exist in the initial 
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Fig. 3. External film mass transfer resistance in propylene slurry polymerization using 

various correlations. High-activity catalyst (Rob = 4000 g-gcat-h) with initial particle size of 
60 pm. 
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Fig. 4. External film maea transfer resistance in propylene slurry polymerization a 

function of polymer particle size using the Ranz-Marshall correlation for low [Rd = 400 g-g- 
cat-h) and high (R,  = 4000 g-g-cat-h) activity catalysts with various catalyst particle sizes. 

stages of particle growth for ethylene polymerization. Moreover, as shown 
in Table I of Part 111, the concentration of dissolved ethylene in industrial 
slurry polymerization is less than that of propylene. Thus external film 
mass transfer effects should be more significant for ethylene slurry poly- 
merization than for propylene slurry polymerization. 

In contrast to the Ranz-Marshall correlation, which predicts Sherwood 
numbers of 2 or greater, the Nelson-Galloway correlation predicts Sh con- 
siderably less than 2 at low Reynolds numbers. Although, for reasons dis- 
cussed below, we consider the correlations that predict Sh > 2 to be most 
appropriate, it is nevertheless instructive to compare the predictions of the 
Ranz-Marshall correlation with those of the Nelson-Galloway. Figure 8 il- 
lustrates the predicted values of k, for ethylene and propylene slurry poly- 
merization with an initial catalyst particle size of 60 pm. As can be seen 
here, at high solids concentrations, the Nelson-Galloway correlation pre- 
dicts a considerab1.e reduction in k, below the values predicted for low solids 
loadings (where the two correlations give the same results). For 10-pm 

0. I0 i I dC' 6op 

0.00 
0 500 1000 1500 2000 

dc ( P I  
Fig. 5. Mass transfer coefficients from various correlations. Ethylene slurry polymerization 

with initial catalyst particle size of 60 pm. 
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Fig. 6. External film mass transfer resistance in ethylene slurry polymerization with initial 

catalyst particle size of 60 pm. 

catalyst particles, this deviation is even greater, as illustrated in Fig. 9, 
with predicted K, values up to three orders of magnitude below those for 
the Ranz-Marshall correlation. This is primarily due to the break in the 
particle velocity correlation. One should bear in mind that there is consid- 
erable uncertainty inherent in these predictions because of the assumptions 
of fluid properties, particle apparent density, the precise transition to Stokes 
flow, and others. Figure 10 shows the predicted mass transfer resistance in 
propylene slurry polymerization with various catalyst particle sizes, where 
mass transfer resistances as high as 1 mol/L are predicted for high-activity 
catalyst in the early stages of polymerization. For ethylene polymerization, 
Fig. 11 shows that this effect is even more serious. However, it is not clear 
that the unusual results predicted by the Nelson-Galloway correlation for 
10-pm particles are realistic. In any case, it should be noted that the sig- 
nificance of the external film mass transfer resistance is confined to the 
very early stages of particle growth, even when the Nelson-Galloway cor- 
relation is employed. 

4 

d p  ( P )  

Fig. 7. External film mass transfer resistance in ethylene slurry polymerization as a func- 
tion of polymer particle size using the Ranz-Marshall correlation for low (B, = 400 g-g-cat- 
h) and high (R, = 4000 g-gcat-h) activity catalysts with various catalyst particle sizes. 
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Fig. 8. Mass transfer coefficients according to the Ram-Marshall and Nelson-Galloway 

correlations. Ethylene and propylene slurry polymerization with initial catalyst particle size 
of 60 pm. 

Let us now consider mass transfer during abnormal operation. Under 
certain circumstances during the operation of slurry reactors, it is not 
inconceivable that agitation could be inadequate for solids suspension or 
that the agitator could malfunction. Should this occur, the polymerization 
may be envisioned as taking place in essentially stagnant fluid. The expected 
mass transfer resistance for such a situation can be predicted by the stag- 
nant limit Sh = 2. Figure 12 illustrates the predicted mass transfer re- 
sistance for propylene polymerization for various particle sizes, and Fig. 13 
illustrates the case for ethylene slurry polymerization. As seen from these 
figures, in this special circumstance, a very significant mass transfer re- 
sistance is predicted for high-activity catalyst. In fact, for ethylene poly- 
merization with catalysts of large particle size, external film as well as 
intraparticle mass transfer resistance could drastically limit the reaction 
rate. 

The conclusion one may draw from this analysis is that for slurry poly- 

-1 - 10 a . - E 
=" - 2  

10 

-3 
10 

. 

7- 
2 a 

10 10 10 

d,W 
Fig. 9. Mass transfer coefficients according to the Ram-Marshall and Nelson-Galloway 

correlations. Ethylene and propylene slurry polymerization with initial catalyst particle size 
of 10 pm. 
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Fig. 10. External film mass transfer resistance in propylene slurry polymerization as a 
function of polymer particle size using the Nelson-Galloway correlation (E = 0.7) for low (Rob 
= 400 g-g-cat-h) and high (Rob = 4000 g-g-cat-h) activity catalysts with various catalyst particle 
sues. 

merization external film mass transfer resistance is only significant early 
in the polymerization with large particles of high-activity catalyst. However, 
the external film mass transfer resistance will be more significant for eth- 
ylene slurry polymerization than for propylene slurry polymerization. 

Gas-Phase Polymerization 

For gas-solid mass transfer, a chaos of correlations, statements, and con- 
clusions are found in the literature, because of the complicated flow char- 
acteristics that make experiments difficult to perform. I4-l6 In the next 
section we shall discuss some controversial questions that arise at low Re. 
Two correlations we shall use are as follows. 

1. Ranz-Marshall correlation17 for a single sphere, which was used pre- 
viously for liquid phase particle-fluid mass transfer: 

Sh = 2 + 0.6S~l/~Re'/~ (10) 

Fig. 11. External film mass transfer resistance in ethylene slurry polymerization as a 
function of polymer particle size using the Nelson-Galloway correlation (E = 0.7) for low (Rob 
= 400 g-g-cat-h) and high (Rob = 4000 g-g-cat-h) activity catalysts with various catalyst particle 
sues. 
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Fig. 12. External film mass transfer resistance in propylene slurry polymerization under 

stagnant fluid conditions (Sh = 2) as a function of polymer particle size for low (Rob = 400 
g-g-cat-h) and high (R, = 4000 g-g-cabh) activity catalysts. 

2. Richardson-Szekely correlation for shallow gas-fluidized beds. Rich- 
ardson and Szekely measured mass transfer coefficients by unsteady-state 
adsorption of carbon tetrachloride vapor from fluidizing air. Their corre- 
lation is represented by 

(11) Sh = 0.374Re1.18 for 0.1 < Re < 15 
Sh = 2.01Re0,5 for 15 < Re < 250 

In order to use these correlations, one must again assume a relative gas 
velocity for the particle. For stirred bed polymerization reactors Wisseroth l9 
quotes a value of u = 1.5 cm/s; for fluidized beds the minimum fluidization 
velocity is in the range 2-4 cm/s.l7 Except where noted we assume u = 2 
cm/s in our calculations. 

We should point out again that for homopolymerization with only pure 

- 4000 
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dp ( P )  
Fig. 13. External film mass transfer resistance in ethylene slurry polymerization under 

stagnant fluid conditions (Sh = 2) as a function of polymer particle size for low (R,  = 400 
g-g-cat-h) and high (Rd = 4000 g-gat-h) activity catalysts. 
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monomer present in the gas phase, a diffusive mechanism for boundary 
layer mass transfer does not apply. Transport would be due to a total 
pressure gradient. However, in the case of copolymerization or when the 
concentration of inerts or hydrogen is significant (as in many industrial 
gas-phase processes), the diffusive mechanism for external film mass trans- 
fer is relevant. Here we perform our analysis using the selfdiffusion coef- 
ficients for the gases. These should give conservative estimates for the mass 
transfer resistance in the presence of H because the diffusion coefficients 
for the monomers in H2  are higher. 

Figure 14 shows Sh versus Re for gas-phase ethylene and propylene poly- 
merization. Note that the Sherwood number predicted by the Richardson- 
Szekely correlation drops sharply with decreasing Reynolds number, to 
values below 2. However, these authorsm suggest that this drop could be 
the result of gas back-mixing in their fluidized bed. 

Figure 15 shows the mass transfer coefficients estimated by these two 
correlations as a function of polymer particle size. Because the Ranz-Mar- 
shall correlation yields more conservative values for k, in the range of 
interest here, we shall use it in the calculations below. 

Figure 16 shows the effect of catalyst particle size in gas-phase propylene 
polymerization on the external film mass transfer driving force for both 
high- and low-activity catalyst. The maximum AM value for a 100 pm 
catalyst particle of high activity is about 0.07 mol/L compared with the 
bulk concentration in industrial processes of -1 mol/L. Figure 17 illustrates 
AM versus d, for gas-phase ethylene polymerization. As in the case of 
propylene polymerization, the value of AM is negligible compared with the 
bulk-phase concentration. 

PARTICLEFLUID TRANSFER AT LOW REYNOLDS NUMBERS 
As indicated above, the lowest values of external film mass transport 

coefficients in olefin polymerization arise for small particles (i.e., at low 
Re). Thus, one should analyze heat and mass transfer in this region more 
closely. 

Sh 
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Fig. 14. Comparison of Ranz-Marshall and Richardson-Szekely correlations for the Sher- 

wood number for gas-phase polymerization of ethylene and propylene. 
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Over the years, there has been considerable disagreement as to the mag- 
nitude of Nu and Sh for particle-fluid heat or mass transfer in packed, 
fluidized and slurry reactors at low Reynolds numbers. The basis of this 
disagreement is data for packed beds, wire mesh, stirred tanks, and fluidized 
beds that indicate Nu or Sh as much as several orders of magnitude below 
the theoretical single-sphere asymptote of 2. 11~15,16~18,20-23 Many workers have 
offered explanations for these anomalies, mainly in terms of inadequacies 
of interpretation of the experimental results. The explanations that have 
been offered are 

1. Errors in estimation of the concentration or temperature driving force 
2. Axial dispersion of heat and mass 
3. Flow maldistribution (channeling and bubbling) 
4. Particle interaction effects 

10'' 

10-2 

I O - ~  

10-5 
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I 10 lo3 lo4 
dP ( P )  

Fig. 16. External film mass transfer resistance in propylene gas-phase polymerization 
(stirred bed conditions, u = 2 cm/s) as a function of polymer particle size using the Ranz- 
Marshall correlation. Low (Rob = 400 g-g-cat-h) and high (Rob = 4000 g-g-cat-h) activity 
catalysts with various catalyst particle sizes. 
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Fig. 17. External film mass transfer resistance in ethylene gas-phase polymerization 

(stirred bed conditions, u = 2 cm/s) as a function of polymer particle size using the Ranz- 
Marshall correlation. Low (Rob = 400 g-g-cat-h) and high (Rob = 4000 g-g-cat-h) activity 
catalysts with various catalyst particle sizes. 

The first three explanations suggest that although low apparent values of 
Nu or Sh are calculated from the data, the actual values for the particle 
are much higher (i.e., -2). However, the fourth factor, particle-particle 
interactions, implies that the actual values of Nu or Sh might be much 
lower than predicted by classic theory. In the following, we shall present 
our evaluation of the arguments in this controversy. For a detailed discus- 
sion, see Ref. 2A. 

Regarding the first factor, it is clear that the problems are due to the 
necessity for many indirect measurements. Thus, early attainment of equi- 
librium, averaging over a bed which is not uniform, uncertainties in surface 
concentrations or temperatures, and other factors, can lead to incorrect 
values of Nu or Sh. These problems are especially severe at low Reynolds 
numbers where particles are small and convection effects are of a compa- 
rable scale to these uncontrolled factors. Some specific cases are discussed 
in Refs. 14-16, 18, and 23-25. 

Axial dispersion effects at low Reynolds numbers have been extensively 
discussed by Wakao et al. and others21,23,24,26-40 for packed beds and by Rich- 
ardson and SzekelyZo for fluidized beds. It seems clear (especially for packed 
beds) that axial dispersion effects can explain at least part of the low Nu 
or Sh anomalies. 

The third factor, flow channeling, seems to be a serious effect in both 
packed beds and fluidized beds. For packed beds Kunii and Suzuki41 and 
Martin42 present a compelling case for the attribution of low values of Nu 
and Sh to flow channeling. Similarly, Kunii and Levenspiel l1 are convincing 
in their explanation of fluidized bed data due to bypass of fluid in bubbles. 

The fourth factor, involving particle-particle interactions, suggests that 
for highly concentrated (small void fraction) particulate systems, the single- 
sphere asymptote, Sh, Nu -, 2 is no longer valid. Nelson and Galloway9 
propose that the anomalies in packed or fluidized beds are due to the break- 
down of the single-sphere model for low void fractions. They develop a theory 
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in which the zero flux boundary condition is at a finite distance from the 
particle surface, dependent on void fraction. Using void fraction as a pa- 
rameter, they are able to fit observed low Reynolds number data. Rowel6 
extended this correlation to fit liquid fluidized bed data. Tournie et a1.14,43 
criticize both of these results on the basis that they are only strictly valid 
at the no-flow limit and are inconsistent at moderate values of Re. Exper- 
imentally, anomalies have been observed for very small particles. 16~18,34,43 
This has prompted two other particle-particle interaction explanations:(l) 
Agglomeration during experimentation so that the particle surface area 
was in error,34 and (2) the suggestion that very small particles are swept 
along in small eddies with essentially zero relative velocity and these eddies 
have abnormal concentration and temperature fields due to lack of mixing 
on this small scale.16 

To summarize, it seems clear that the observed anomalies in Sh and Nu 
at low Re in packed or fluidized beds can be adequately explained in terms 
of experimental artifact, axial dispersion effects, and flow bypassing or 
channeling. Furthermore, the present weight of opinion in the literature 
seems to support these explanations. However, for slurry reactors, only 
experimental artifacts, such as particle agglomeration or particle-particle 
interactions, would seem to explain the two data points of Nagata and 
Nishikawa16 showing anomalies at very small particle size. 

In conclusion, it appears that the so-called anomalous data for Sh and 
Nu at low Re can be explained by inadequacies of experimental interpre 
tation that cause the true rates of particle-particle mass and heat transfer 
to be masked by other effects. Further studies of highly concentrated liquid- 
solid systems, particularly with small particles, would be justified in order 
to resolve the remaining questions in this special situation. However, for 
the present, it seems that for predicting single particle mass and heat 
transfer, correlations that show a stagnation asymptote of -2 are the most 
acceptable. 

HEAT TRANSFER IN THE PARTICLE BOUNDARY LAYER 

It was shown in Part 111' that temperature gradients within the micro- 
particle as well as within the macroparticle will normally be negligible. 
Thus if the growing polymer particle is to have a temperature higher than 
the surrounding fluid, it must be due to significant heat transfer resistance 
across the external boundary layer. In this section we investigate that 
possibility. 
As in the case of mass transfer in the external boundary layer, we may 

establish a quasi-steady-state energy balance 

where h is the external film heat transfer coefficient and ( - A H p )  is the 
heat of reaction. Thus the temperature rise across the external boundary 
layer is predicted from 
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As in the case of mass transfer, correlations must be used to determine the 
external film heat transfer coefficient h .  

Correlations for particle-fluid heat transfer that have been proposed are 
as follows: 

1. Ranz-Marshall correlation5 for a single sphere in a fluid medium mov- 
ing with relative velocity u: 

Nu = 2 + 0.6Re1/2Pr1/3 (14) 

where 

hd 
NU = 

k f 

pud, Re = 
P 

2. Kunii and Levenspiel l1 correlation for fluidized beds*: 

Nu = 0.03Re1.3 

3. Kettenring et al.& correlation for fluidized beds: 

Nu = 0.0135Re1.3 

4. Zenz and OthrnerG correlation for fluidized beds: 

Nu = 0.017Re1.21 

5. Borodulya et al.46 correlation for fluidized beds: 

Nu = 0.37Re0.71Pr0.31 (18) 

6. Nelson and Galloway correlation for concentrated particle-fluid sys- 
tems with fluid fraction E: 

- tanh t; t; 
1 - (1 - €1113 

* The coefficient in this equation is given incorrectly in Ref. 11. 
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where 

The predicted values of Nu versus Re for the various correlations are plotted 
in Fig. 18 for gas-phase propylene polymerization. Note that the Ranz- 
Marshall correlation predicts the highest values of Nu and most of the 
fluidized bed correlations predict very similar values. Predictions from the 
Nelson and Galloway correlation depend on the value of the fluid fraction E .  

Here E = 0.7 was chosen as representative of industrial conditions in both 
liquid- and gas-phase polymerization in continuous reactors. As E -+ 1, the 
Nelson and Galloway predictions approach those of Ranz and Marshall. 

Liquid Slurry Polymerization 

In liquid slurry polymerization, the slurry is agitated vigorously to ensure 
suspension of the solids and also to facilitate absorption of monomer (when 
monomer is fed as a gas to the reactor) and chain transfer agents. As in 
the case of the mass transfer coefficients discussed earlier, the heat transfer 
coefficients may be larger than those estimated using the terminal velocity 
of the particles. On the other hand, it has been s u g g e ~ t e d ~ , ~ ~ , ~ ~  that the 
Ranz-Marshall correlation seriously overestimates the Nusselt number at 
low Re, but as indicated in the last section, there is some uncertainty about 
the accuracy of the correlations that predict Nu < 2 at low Reynolds num- 
bers. Thus more definitive research is required to confirm the actual heat 
transfer coefficients for very small particles. Thus, to be conservative, we 
shall compare predictions from the Ranz-Marshall correlation with that 
proposed by Nelson and Galloway to account for high particle concentra- 
tions. Figure 19 shows the ratio of Nusselt numbers (heat transfer coeffi- 
cients) predicted by the Nelson-Galloway correlation and the Ranz-Marshall 
correlation for propylene slurry polymerization. From this figure, it is ev- 
ident that for large fluid fractions (low solids concentration), the two cor- 
relations predict essentially identical values, but at high solids 
concentrations, considerable deviations may be expected. Figures 20 and 
21 show the actual heat transfer coefficients predicted by the Ranz-Marshall 

Nu 

I 2 3 4 56789'10 2 3 4 5678! 

R e  

O2 

Fig. 18. Comparison of correlations for the Nusselt number for external film heat transfer 
in propylene gas-phase polymerization. 
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0 5 0 15 20 

Re 
Fig. 19. Ratio of Nusselt numbers calculated by the h z - M a r s h a l l  and Nelson-Galloway 

correlations for propylene slurry polymerization ( E  is volume fraction fluid). 

r = 0 . 5  

10-2 
I ' I ' I ' I I  

0 200 400 600 800 1000 

dpw 
Fig. 20. Heat transfer coefficients for slurry polymerization of ethylene and propylene 

calculated by the Ranz-Marshall correlation and Nelson-Galloway correlation for various val- 
ues of E. Initial catalyst particle size d, = 60 pm. 

-PE 
PP --__ 

I r 

10 10' I 3 

d p W  
Fig. 21. Heat transfer coefficients for slurry polymerization of ethylene and propylene 

calculated by the Ranz-Marshall correlation and Nelson-Galloway correlation for various val- 
ues of E .  Initial catalyst particle size d, = 10 pm. 
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and the Nelson-Galloway correlations at several fluid fractions. The figures 
show that the difference in the predicted heat transfer coefficients can be 
an order of magnitude or more for very small particles in high concentra- 
tion. For semibatch polymerizations commonly conducted in the laboratory, 
the solids concentration at the beginning of polymerization when the par- 
ticles are small would be rather low: thus under these conditions, the dif- 
ference between the correlations would not be very significant. However, 
for continuous polymerization under industrial conditions (solids loadings 
of 30-50%), the Nelson-Galloway predictions would deviate significantly 
from those of the Ranz-Marshall correlation. As an illustration, Fig. 22 
shows the predictions of the Ranz-Marshall correlation for propylene slurry 
polymerization using low- and high-activity catalyst. From this figure, one 
sees that significant temperature rises for low-activity catalyst can be ex- 
pected only for catalyst particles over 100 pm. However, for high-activity 
catalyst, particles larger than -20 pm will show significant overheating. 
In particular, for the largest particle of high-activity catalyst, the particles 
would have to grow to several times their initial diameter for the temper- 
ature rise to become insignificant. Hence, the external film temperature 
resistance might be important for a noticeable period of time. The Nelson- 
Galloway correlation, as shown in Fig. 23, predicts even higher temperature 
rises, in some cases even exceeding the softening point of the polymer. This 
would result in polymer particle fusing or agglomeration for slurry poly- 
merization. Note that although the Ranz-Marshall correlation indicates that 
smaller catalyst particles lessen the overheating problem, the Nelson-Gal- 
loway correlation predicts the worst overheating with the very smallest 
catalyst particles. Figures 24 and 25 illustrate the predictions of the two 
correlations for the polymerization of ethylene. The temperature rises pre- 
dicted for ethylene polymerization are somewhat higher than those for 
propylene. The Ranz-Marshall correlation shows moderate overheating for 
high-activity catalyst, but the Nelson-Galloway correlation predicts a 

10' 

I -  - 
Y - 

10-1 -e 

10-2 > 

a 

I 10 lo2 lo3 lo4 

d p ( P )  

Fig. 22. External film heat transfer resistance in propylene slurry polymerization as a 
function of polymer particle size using the Ranz-Marshall correlation for low (Rd = 400 g-g- 
cat-h) and high (Rd = 4000 g-gcat-h) activity catalysts with various catalyst particle sizes. 
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d p ( 4  

Fig. 23. External film heat transfer resistance in propylene slurry polymerization as a 
function of particle size using the Nelson-Galloway correlation (e = 0.7). Low (Rob = 400 
g-g-cat-h) and high (Rob = 4000 g-g-cat-h) activity catalysts with various catalyst particle sizes. 

significant AT even for low-activity catalyst, and for high-activity catalyst 
the initial temperature rise would be over 30 K for all particle sizes. 

The analysis of this section would suggest that, for slurry polymerization 
with highcativity catalysts, serious particle overheating could occur im- 
mediately after catalyst injection-especially in reactors with high solids 
concentration. This would suggest that one may wish to delay achievement 
of full activity of the catalyst until this initial "hot" phase in the particle 
lifetime is over. Fortunately, this initial overheating is mitigated somewhat 
by both intraparticle and boundary layer mass transfer resistance early in 
the particle lifetime, as has been discussed. Because heat and mass transfer 
resistance are at their peak together, the local rate of polymerization will 

R b  (g/g-cot.hr) 

10 

Y 

+ - 
Q 10'' > 

10'2 3 

10-3 , 1 1 1 1 1 1 ,  , I ""I , ,  , I 1 1 1 1 1 1 1  I 8 , 1 1 1 1  

'. '. 
I 10 102 103 lo4 

*P (P)  
Fig. 24. E;xternal fdm heat transfer resistance in ethylene slurry polymerization as a 

function of polymer particle size using the Ranz-Marshall correlation for low (R ,  = 400 g-g- 
cabh) and high (R,  = 4000 g-g-cabh) activity catalysts with various catalyst particle sizes. 
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be reduced by mass transfer just when particle overheating might be a 
problem. These combined effects will be illustrated below through model 
simulation. 

Gas-Phase Polymerization 

As mentioned previously and illustrated in Fig. 18, there is considerable 
lack of agreement among the values of the Nusselt number predicted by 
the correlations given in eqs. (14) through (19). Although the Ranz-Marshall 
correlation appears preferable to use, we shall also include as a "worst 
case" predictions using "apparent" Nusselt numbers from the Kunii-Lev- 
enspiel correlation, although this is thought to greatly underestimate h at 
low Reynolds numbers. Calculations have been made using a relative ve- 
locity of 2 cm/s, which would be appropriate for stirred bed reactors, l9 and 
20 cm/s, corresponding to some regions in a fluidized bed." The predicted 
temperature rise for propylene polymerization under stirred bed conditions 
using the Ranz-Marshall correlation is illustrated in Fig. 26; Fig. 27 shows 
the AT for polymerization in parts of a fluidized bed. As evident from these 
figures, significant temperature rises may be anticipated for low-activity 
catalyst (Rob = 400 g/g-cat/h), and the temperature rise for high-activity 
catalyst may be sufficient to cause polymer softening, sticking, and ag- 
glomeration problems. For large particles of high-activity catalyst, a sig- 
nificant temperature rise of a few degrees Kelvin should persist throughout 
polymerization. Figures 28 and 29 show the calculated temperature rise for 
propylene polymerization using the Kunii-Levenspiel correlation for the 
respective conditions. Note that the Kunii-Levenspiel correlation is much 
more sensitive to Re, that is, to the relative velocity. For stirred bed con- 
ditions, the correlation predicts large temperature rises even for low-activity 
catalyst, and for high-activity catalyst, the melting point of the polymer 
would be reached for every catalyst size. Under high-velocity fluidized bed 
conditions, the temperature rise would be much smaller for low-activity 
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lo3 

102 

10 
I 

Y - 
I - I  
a 

10-1 

10-2 

Fig. 26. External film heat transfer resistance in propylene gas-phase polymerization 
(stirred bed conditions, u = 2 cm/s) as a function of polymer particle size using the Ranz- 
Marshall correlation. Low (Rd = 400 g-g-cat-h) and high (Rob = 4000 g-g-cat-h) activity 
catalysts with various catalyst particle sizes. 

catalyst but would be greater than 10 K for high-activity catalyst at all 
catalyst sizes. Because of the Reynolds number dependence, the falloff in 
AT with increasing particle diameter is very sharp for the Kunii-Levenspiel 
correlation. 

For ethylene polymerization, the Ranz-Marshall correlation predictions 
are illustrated in Figs. 30 and 31 for stirred and fluidized bed conditions, 
respectively. The predicted values of AT lie a few degrees Kelvin above the 
values predicted for propylene polymerization. The predictions for the Ku- 
nii-Levenspiel correlation for ethylene polymerization are not shown but 
also indicate significant overheating of the polymer particles. 

I 0 2  

10 

- 1  
Y 

t- 
I 

Q 10-1 

10-2 

I o - ~  
I 10 I02 lo3 I o4 

d p ( P )  

Fig. 27. External film heat transfer resistance in propylene gas-phase polymerization (flui- 
dized bed conditions, u = 20 cm/s) as a function of particle size using the Ranz-Marshall 
correlation for low (Rob = 400 g-g-cat-h) and high (Rd = 4000 g-gcat-h) activity catalysts 
with various catalyst particle sizes. 
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Fig. 28. External film heat transfer resistance in propylene gas-phase polymerization 

(stirred bed conditions, u = 2 cm/s) as a function of polymer particle size using the Kunii- 
Levenspiel correlation. Low (R ,  = 400 g-g-cat-h) and high (R, = 4000 g-g-cat-h) activity 
catalysts with various catalyst particle sizes. 

From the results here, it seems clear that the Kunii-Levenspiel corre- 
lation is not appropriate for olefin polymerization at low Reynolds numbers. 
If it were, none of the stirred bed gas-phase olefin polymerization processes 
in operation today could exist because the predicted particle temperatures 
are above the softening point of the polymer. Thus we shall interpret the 
results in terms of the Ranz-Marshall correlation. 

As indicated in Figs. 26, 27, 30, and 31, operating a gas-phase reactor 
with either low- or high-activity catalvst would lead to a significant particle 
temperature rise that would influence observed kinetics early in the poly- 

I 10 lo3 lo4 

d P ( 4  

Fig. 29. External film heat transfer in propylene gas-phase polymerization (fluidized bed 
conditions, u = 20 cm/s) as a function of particle size using the Kunii-Levenspiel correlation 
for low (Rob = 400 g-g-cat-h) and high (Rob = 4000 g-gat-h) activity catalysts with various 
catalyst particle sizes. 
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Fig. 30. External film heat transfer resistance in ethylene gas-phase polymerization (stirred 
bed conditions, u = 2 cm/s) as a function of polymer particle size using the Ranz-Marshall 
correlation. Low (Rob = 400 g-gat-h) and high (R, = 4000 g-g-cat-h) activity catalysts with 
various catalyst particle sizes. 

merization and could lead to agglomeration and sticking of polymer par- 
ticles for high-activity catalyst above 30-60 pm in diameter. This is 
consistent with what has been observed under certain conditions in both 
stirred bed and fluidized bed industrial reactors. 

PARTICLE SIMULATIONS 

In this section, we will present some simulations of catalyst particles in 
olefin polymerization to illustrate the phenomena that may be expected. 
The simulations are based on the multigrain model described in Part 
III’with the parameters given in Table I. Further details of this model and 

I02 
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- I  
Y 

I- 
- 
Q 10-1 

10-2 

I O - ~  

I 10 I02 lo3 lo4 
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Fig. 31. External film heat transfer resistance in ethylene gas-phase polymerization (flui- 
dized bed conditions, u = 20 cm/s) as a function of particle size using the hz-Marshall  
correlation for low (R& = 400 g-g-cat-h) and high (Rob) = 4000 g-gat-h) activity catalysts 
with various catalyst particle sizes. 
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TABLE 1 
Parameters and Average Activities for Particle Simulations 

Intrinsic Average 
activity activitya 

Figure Polymerization curve (g/g-cat.h) (g/g-cat.h) Commentsb 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42.43 

Ethylene gas 

Ethylene gas 

Ethylene gas 

Ethylene 

Propylene 

Ethylene gas 

Ethylene slurry 

Ethylene slurry 

7, = 0 
T, = 0.5 s 
7, = I S  
7, = 5 S  
d,  = 10 pm 
d,  = 30 pm 
d,  = 60 pm 
T, = 0 
7, = 0.5 s 
7 ,  = 5 S  
Slurry 
Gas, u = 2 cm/s 
Gas, u = 20 cm/s 
Slurry 
Gas, u = 2 cm/s 
Gas, u = 20 cm/s 
d,  = 30 pm 
d,  = 60 pm 
d,  = 30pm 
d ,  = 60pm 
d,  = 100pm 
d, = 30 pm 
d, = 60 pm 

d, = 100pm 
d, = 30 pm 
d,  = 60 pm 
d,  = 100pm 

Kunii-Levenspiel 

Nelson-Galloway 

Ethylene slurry 

Ethylene gas Ram-Marshall 

Ethylene slurry Ranz-Marshall 

4000 
4000 
4000 
4000 
4000 
4000 
4000 
400 
400 
400 
4000 
4000 
4000 
4000 
4000 
4000 
4000 
4000 
8OOo 
8000 
8000 
8000 
8000 

8000 
8000 
8000 
8000 
4000 
4000 
4000 
4000 

- c  

4820 
3790 
1180 
3440 
4820 

492 
420 
108 

2460 
4820 
4600 
3050 
4380 
3820 
3980 
4210 
2480 
360 
240 
7010 
3250 

830 
7590 
5720 
2120 
3980 
4220 
2460, 3800 
2860, 3810 

- c  

For slurry case, 
D I  = cm2/s 

For slurry case, 
D I  = cm2/s 

re = 0.01 pm 

rc = 0.01 pm 

cm2/s 
DI = 5 x 

re = 0.01 pm 
Dl = cm2/s 

re = 0.01 pm 
Dl = cm2/s 

Yield at end of simulation divided by simulation time shown. 
Unless otherwise stated, the following parameters were used. Ethylene gas: r, = 0.1 pm, 

cmZ/s, Mb = 1 mol/L. Propylene 
cmZ/s, D ,  = lo-' cm2/s, 

D1 = w (no macroparticle diffusion resistance, D, = 
gas: same as ethylene gas. Ethylene slurry: rc = 0.1 pm, D I  = 
Mb = 2 mol/L. Propylene slurry: same as ethylene slurry except Mb = 4 mol/L. 

c Melting point of polymer reached. 

its predictions will be presented in a future paper. Although the simulations 
include the effects of intraparticle gradients, we shall primarily discuss the 
predictions of external film resistance. Unless otherwise stated, the Ranz- 
Marshall correlation was used in the simulations. The intrinsic catalyst 
activity (i.e., rate at bulk conditions) is indicated in Table I together with 
the actual observed average rate. 

As mentioned previously, for gas-phase polymerization the permeation 
of the catalyst particle by monomer and its consequent breakup is expected 
to be quite short, of the order of seconds at most. However, the exact time 
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scale will depend on such factors as catalyst activity, monomer concentra- 
tion, temperature, and catalyst pore structure. Thus we shall choose several 
reasonable time scales and compare the simulation results. Figure 32 shows 
simulations of the heat and mass transfer resistances for a high-activity 
catalyst (intrinsic activity, 4000 g-g-cat-h) in ethylene gas-phase polymer- 
ization under stirred bed conditions using the Ranz-Marshall correlation 
for both resistances. The uppermost curve is for “instantaneous” breakup; 
the lower curves are for cases in which the catalyst sites are “activated” 
in an exponential fashion with time constants of 0.5, 1, and 5 s. As this 
figure shows, instantaneous breakup results in a temperature rise up to 
the melting point of the polymer (assumed to be an upper bound), but 
significantly, any delay in the catalyst reaching its full activity can mitigate 
the large AT to a considerable extent. This has the interesting implication 
that the problems caused by particle overheating (such as sticking) can be 
at least partially avoided by activating the catalyst in situ. Also of impor- 
tance is the effect of catalyst particle size, as suggested by earlier figures. 
Figure 33 shows the effect of particle size for 0.5s catalyst “activation”-in 
ethylene gas-phase polymerization under stirred bed conditions. The tem- 
perature rise is insignificant for the 10-pm catalyst particles and fairly 
significant for the 30-pm particles, but the temperature is predicted to reach 
the melting point of the polymer with 60-pm catalyst particles. For low- 
activity catalyst (Rob - 400 g-g-cat-hr), the temperature rise for 60-pm 
catalyst particles is shown in Fig. 34. In this case, a maximum AT of around 
6 K is predicted, even for the worst case of instantaneous breakup. 

Figure 35 compares the behavior of the resistances with time for ethylene 
polymerization under three conditions: slurry, gas-phase stirred bed, and 
high-velocity gas-phase fluidized bed. In this figure, the catalyst was as- 
sumed to be activated with a characteristic time of 0.5 s. As can be seen 

lo-’ 
u = 2 c m l s  + instantaneous breakup 

10-3 

High Activity Coto lys t .dc=30p  

00 05  10 15 20 2 5  30 

mtonlaneous breakup 
rC = 0 5 s  

Y 10 - - G I  l o z l i  
10-1 

00  0 5  10 I 5  2 0  2 5  30 

TIME (sec) 
Fig. 32. External film heat and mass transfer resistances in gas-phase polymerization of 

ethylene under stirred bed conditions (u = 2 cm/s) with high-activity catalyst. Effect of 
characteristic breakup time of catalyst 7,. The Ranz-Marshall correlation was employed. Av- 
erage rates (g-gcat-h): T ,  = 0.5 s, 4820; T, = 1 s, 3790; T, = 5 s, 1180. 
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r d c  .60p 
10-1 

10-3 

00 05 10 15 20 25 30 

dc= 60p 

I s : r r l  
u = 2 c m h  

G I  

Hqh Activity Catalyst Tc*o 5s 

00 05 10 15 20 2 5  30 
lo-’ 

TIME ( red  
Fig. 33. External film heat and mass transfer resistances in gas-phase polymerization of 

ethylene under stirred bed conditions (u = 2 cm/s) with high-activity catalyst. Effect of catalyst 
particle size. Characteristic breakup time T, = 0.5 s. The Ranz-Marshall correlation was 
employed. Average rates (g-g<atrh); d, = 10 pm, 3440; d, = 30 pm, 4820. 

here, the mass transfer resistance is greatest (but still insignificant) for 
slurry polymerization. In gas-phase polymerization with high-activity cat- 
alyst, the temperature resistance is significant during the early stages of 
polymerization, albeit not as high as in the case when full catalyst site 
activity is assumed at t = 0. The temperature rise for high gas velocity 
fluidized bed conditions is roughly half that for stirred bed conditions. Fig- 
ure 36 shows the situation for propylene polymerization with a high-activity 
catalyst. Clearly, the qualitative trends are similar. For both these figures, 
the “observed” rate for the slurry case is a 3-s average and is lower than 
the ultimate rate, which is close to the intrinsic rate of 4000. This is due 

instantaneous breakuu 
10-2 q 

rc= 0 5 s  
I 

u = 2 c m / s  Q 

Low Act iv i ty  Catalyst d ,  = 60 p 

00 05 10 15 20 25 30 

I- 
instantaneous breakup 

00 05 10 15 20 25 30 
TIME (sec) 

Fig. 34. External film heat and mass transfer resistances in gas-phase polymerization of 
ethylene under stirred bed conditions (u = 2 cm/s) with low-activity catalyst. Effect of char- 
acteristic breakup time of catalyst I ~ .  The Ranz-Marshall correlation was employed. Average 
rates (g-g-cat-h): T, = 0. 492 T, = 0.5 s, 420; I, = 5 s, 108. 
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10-1 1 1 

0’0 0 5  1‘0 1’5 2 0  i 5  3 0  

lo* j Htgh A c l ! v ~ l y  C a t a l y s t .  d c  = 3 0 p ,  rc = 0 5 s  
1 

Y In ------------- ---------______-- 

10-1 1 ,  I 3  I , ,  , , , I , ,  I , ,  , , I ,  I I , ,  , , I  I ,  \ 
0.0 0.5 1.0 I 5 2.0 2‘.5 3.0 

TIME (sec)  

Fig. 35. Effect of polymerization conditions on external film heat and mass transfer re- 
sistances in ethylene polymerization over high-activity catalyst with breakup time T, = 0.5 
s. The Ranz-Marshall correlation was employed: (-) slurry polymerization, average rate, 2460 
g-g-cat-h; (- - -) gas fluidized bed (u = 20 cm/s), average rate, 4600 g-g-cat-h; (- - - 1 gas 
stirred bed (u = 2 cm/s), average rate, 4820 g-g-cat-h). 

to intraparticle mass transfer resistance in slurry, which is very significant 
for short times even with Dl = lop5 cm2/s. 

It is also instructive to look at these phenomena over a time scale com- 
parable to the residence time of the particles in a reactor. Figure 37 illus- 
trates the trends in the resistances for a residence time of 1 h with 30-pm 
and 60-pm particles of a high-activity catalyst in ethylene gas-phase poly- 
merization. Figures 38 through 40 illustrate the external film resistances 

------___ ----__ 
- 
Y - 
+ 10-1 

10-2 

a High A r l t v i t y  C a t a l y s t .  dc = 30p.  r , = O  5 s  

0 0  0 5  10 15 2 0  2 5  3 0  

T I M E  ( s e c )  
Fig. 36. Effect of polymerization conditions on external film heat and mass transfer re- 

sistances in propylene polymerization over high-activity catalyst with breakup time T, = 0.5 
s. The Ranz-Marshall correlation was employed: (-) slurry polymerization, average rate, 3050 
g-g-cat-h; (- - -) gas fluidized bed (u = 20 cm/s), average rate, 3820 g-g-cat-h; (- - -) gas 
stirred bed (u = 2 cm/s), average rate, 4380 g-g-cat-h). 
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nigh A c l t v l t y  C a t a l y s t  d c  = 60p 
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----------_ - --- 
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TIME ( h o u r s )  

Fig. 37. External film heat and mass transfer resistances in gas-phase polymerization of 
ethylene under stirred bed conditions (u = 2 cm/s) over high-activity catalyst. Trends over 
1 h with catalyst particle size d, = 30 and 60 pm. The Ranz-Marshall correlation was employed 
(7, = 0.5 s). Average rates (g-g-cat-h): d, = 30 pm, 3980; d, = 60 pm, 4210. 

for various particle sizes of very high intrinsic activity (8000 g-g-cat-h) cat- 
alyst, with large particle diffusion coefficient Dl = 5 x and 
lop5 cm2/s, respectively. A value of r ,  = 0.01~ was chosen for these sim- 
ulations to be consistent with such high intrinsic activity. In this range of 
Dl ,  which is considered physically reasonable, the lower values might arise 
when there is a high soluble polymer content in the slurry or with very 
low polymer particle porosity. As the simulations show, the time for the 
external film resistances to remain significant is generally less than a few 

Dp cm2/s  1 
10-2 

I 10-3 
a 

I .o 0.6 0.0 0.0 0.2 0.4 
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TIME (hours) 
Fig. 38. External film heat and mass transfer resistances in slurry polymerization of eth- 

ylene over high-activity catalyst, large particle diffusivity D ,  = cm2/s. Trends over 1 h 
with catalyst particle size d, = 30, 60, and 100 pm. The Ranz-Marshall correlation was 
employed (7, = 0.5 5). Average rates (g-g-cat-h): d, = 30 pm, 2480; d, = 60 pm, 360, d, = 
100 pm, 240. 
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Fig. 39. External film heat and mans transfer resistances in slurry polymerization of eth- 
ylene over high-activity catalyst, large particle diffusivity D, = 5 x cm2/s. Trends over 
1 h with catalyst particle size d, = 30, 60, and 100 pm. The Ranz-Marshall correlation was 
employed (7, = 0.5 8). Average rates (g-gcat-h): d, = 30 pm, 7010; d, = 60 pm, 3250; d, = 

200 pm, 830. 

minutes. Note that for a catalyst with intrinsic activity 8000 g-g-cat-h, the 
actual observed reaction rates would vary dramatically with catalyst par- 
ticle size. This lowering of the observed rate is due primarily to intraparticle 
mass transfer resistances at the macroparticle level, as discussed in the 
previous paper in this series. For the conditions of the simulation, diffusion 
resistance at the microparticle level would be negligible. 

Finally, some simulations were carried out using other Nusselt number 
correlations for AT. At short times, the Kunii-Levenspiel correlation pre- 
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Fig. 40. External film heat and mass transfer resistances in slurry polymerization of eth- 

ylene over high-activity catalyst, large particle diffusivity D, = cm2/s. Trends over 1 h 
with catalyst particle size d, = 30, 60, and 100 pm. The Ranz-Marshall correlation was 
employed (7, = 0.5 s). Average rates (g-gcat-h): d, = 3- pm, 7590; d, = 60 pm, 5720; dc = 
100 pm, 2120. 
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dicts a temperature rise to the melting temperature in gas-phase polymer- 
ization, even for low-activity catalysts with a characteristic time for site 
activation as long as 5 s. However, on a longer time scale, Fig. 41 shows 
that the very large temperature excursions predicted by this correlation 
last for less than 1 min even though this would suffice to cause the particles 
to agglomerate. As indicated by Fig. 41, the Kunii-Levenspiel correlation 
predicts a particle temperature rise considerably higher than does the Ranz- 
Marshall correlation. For slurry polymerization, Fig. 42 compares AT pre- 
dicted by the Ranz-Marshall and Nelson-Galloway correlations at short 
times. It is seen that a maximum AT of the order of 10 K is predicted by 
the Nelson-Galloway correlation in this case. Extending the time scale for 
this case, as shown in Fig. 43, confirms that the particle temperature rise 
becomes insignificant after 10 min even for the Nelson-Galloway correla- 
tion. 

CONCLUSIONS 

In slurry polymerizations, calculations based on the Ranz-Marshall cor- 
relation suggest the presence of a significant external film mass transfer 
resistance for high-activity catalysts at the outset of polymerization. This 
effect would be especially strong for large catalyst particles. However, as 
soon as the polymer particle grows to 5-10 times the original catalyst size, 
this resistance becomes insignificant. This growth occurs very rapidly in 
the case of the high-activity catalysts considered, as the simulations illus- 
trate. In gas-phase polymerization (for mixtures of monomer with comon- 
omer or hydrogen), one would never expect significant mass transfer 
resistance in the external film even for the most active catalysts. Hence, 
it seems reasonable to conclude that, in general, external film mass transfer 
resistances are only a significant factor early in the polymer particle life- 
time for slurry polymerization with large, highly active catalyst particles. 

On the other hand, as shown in Part 111,' significant intraparticle mass 
transfer resistances can exist in the polymer particle under certain con- 
ditions. At the microparticle level, a significant concentration gradient may 
exist with catalysts of high intrinsic activity, in both slurry and gas phase, 
depending on the values of catalyst primary crystallite size and the effective 
diffusion coefficient D,.  Another mass transfer resistance that is usually 
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Fig. 41. Comparison of external film heat transfer reslstance according to Ranz-Marshall 

and Kunii-Levenspiel correlations in gas-phase polymerization of ethylene under stirred bed 
conditions (u = 2 cm/s). High-activity catalyst, particle size d,  = 30 pm, T, = 0.5 s. Average 
rates (g-g-cat-h); -Marshall correlation, 3980; Kunii-Levenspiel correlation, 4220. 
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Fig. 42. Comparison of external film heat and mass transfer resistances according to Ranz- 
Marshall correlation and Nelson-Galloway correlation ( E  = 0.7) in ethylene slurry polymer- 
ization at short times. High-activity catalyst, d, = 30 pm, 7, = 0.5 s. Large particle diffusivity 
D ,  = 10-6 cm2/s. Average rates (g-gcat-h): Ranz-Marshall correlation, 3800, Nelson-Galloway 
correlation, 2860. 

important in slurry polymerization is diffusion in the pores of the growing 
macroparticle. By contrast, in gas-phase polymerization, our results indicate 
that macroparticle concentration gradients would normally be insignificant 
except for very large catalyst particles. Macroparticle diffusion limitations 
in slurry polymerization can be experimentally detected by slow acceler- 
ation-type rate behavior or by increases in polymerization rate with de- 
creasing catalyst particle size. 

As for external film heat transfer resistances in slurry polymerization, 
the significance of these depends on the catalyst activity and particle size 
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Fig. 43. Comparison of external film heat and mass transfer resistances according to Ranz- 

Marshall correlation and Nelson-Galloway correlation ( E  = 0.7) in ethylene slurry polymer- 
ization at short times. High-activity catalyst, d, = 30 pm, T, = 0.5 s. Large particle diffusivity 
D I  = cm2 /s. Average rates (g-g-cat-h): Ranz-Marshall correlation, 3800; Nelson-Galloway 
correlation, 3810. 
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as well as the correlation used. For large, highly active catalyst particles 
in concentrated slurry polymerization, large external film temperature gra- 
dients are predicted. However, as our simulations show, factors (such as 
mass transfer resistance) that delay the attainment of full catalyst activity 
early in the polymerization can mitigate these effects. Thus for slurry poly- 
merization, the external film temperature rise will normally be negligible 
except very early in the lifetime of polymer particles grown from large 
highly active catalyst particles. 

In gas-phase polymerization, however, the situation is quite different. 
Although intraparticle temperature gradients are expected to be negligible 
except for very large particles of high-activity catalyst, external film tem- 
perature differences can be large. With high-activity catalyst, particle ov- 
erheating due to external film resistance can result in a AT of as much as 
50-100 K for large catalyst particles very near the beginning of polymer- 
ization. These temperatures could result in polymer softening or melting, 
leading to sticking and agglomeration in the reactor. The results also sug- 
gest that the heat transfer resistance in the external film, AT, is predicted 
to fall off rapidly with particle growth. For a 30-pm high-activity catalyst 
particle in ethylene gas-phase polymerization under stirred bed conditions, 
AT is expected to become less than 1 K after a few minutes. However, for 
a 60 pm particle, AT is of the order of 10 K for the first minute and is 
around 1 K even after an hour. Still higher temperature rises are attained 
at times of a few seconds. However, the interaction between the temperature 
rise and the speed of particle breakup and/or catalyst activation is very 
strong, as we have illustrated, making quantitative conclusions difficult. 
For instantaneous breakup, particle temperatures could reach the melting 
temperature of the polymer within a fraction of a second in some cases. 
These conclusions are in agreement with the work of Laurence and Chiov- 
etta,47 who modeled the particle breakup phenomenon. A point not raised 
in their work is that the catalyst particle size is an important parameter. 
A 60-pm particle might overheat to the melting temperature under con- 
ditions in which a 20-pm particle undergoes a temperature rise of less than 
1 K. Hence, in gas-phase polymerization, a catalyst particle size distribution 
with large particles present could result in agglomeration or fusing prob- 
lems. Such problems would be most severe immediately after the catalyst 
is injected into the reactor. 

Obviously, control of the catalyst size distribution would help to reduce 
the agglomeration problems resulting from particle surface overheating. 
However, very small catalyst particles are not desirable for use in olefin 
polymerization for other reasons. Catalyst fines are frequently difficult to 
handle and also are easily blown out of the top of fluidized beds. Also, such 
small particles may stick to the walls or the tapered upper part of the 
fluidized bed reactors, where they may overheat due to relatively low fluid 
velocities. In addition, small catalyst particles are not desirable for achiev- 
ing the objective of directly producing in the reactor polymer particles that 
do not require pelletization. 

The particle simulations presented illustrate the potential for methods 
that reduce the initial activity of the catalyst to control the overheating 
problem. Several such methods are in fact described in the patent literature. 
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For example, separate injection of the catalyst and cocatalyst has been used 
by BASFa in their stirred bed reactor. Other methods, such as mixing the 
catalyst with particles of polymer prior to injection, 49 prepolymerizing,m 
coating the catalyst with ~ a x , ~ l a n d  temporarily deactivating the catalyst, 52 

have been referred to in the patent literature. A somewhat different a p  
proach is to attempt to inject the catalyst as rapidly as possible,53 in order 
to disperse it in the bed of cooler particles. It is probably true that, by 
judicious application of these methods, overheating and sticking problems 
can be reduced or eliminated. 

It is also worthy of mention that, in gas-phase polymerizations, the flui- 
dized bed may have advantages from the particle-gas heat transfer point 
of view because of the higher gas velocities. The stirred bed, on the other 
hand, avoids problems of fines entrainment by keeping the relative velocity 
low. 54 

There are many practical implications of the results reported here. One 
may explain the great variety of activation energies reported in the liter- 
ature, the difficulties sometimes observed in using slurry bench scale studies 
to predict gas-phase behavior, the increased agglomeration and sticking 
after a seemingly innocent change in operating conditions, and the apparent 
differences observed between reaction rate profiles for ethylene and pro- 
pylene. These and other practical points will be discussed in a future paper. 

Table I1 indicates the relative importance of the various heat and mass 
transfer resistances discussed in Part 111' and in this paper. 

The authors are grateful to the National Science Foundation and to the following companies 
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