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A computational fluid dynamics software package was used to study heat transfer
from spherical particles of different sizes and under different heat-transfer conditions. It
was shown that although the Ranz-Marshall and other similar correlations are valid in
the case where particles do not interact, this is not true for densely packed systems such
as those that we find in reactors commonly used in olefin polymerization. It was also
demonstrated that convection is in fact not the only means of removing heat from
small, highly active particles. Conductive heat transfer between large and small particles
present in the same reactor appears to help alleviate problems of overheating and ex-
plain why earlier models of heat transfer in olefin polymerization overpredict the temper-
ature rise during early stages of polymerization.

Introduction

Processes for the polymerization of olefins using “low
pressure processes” (so-called because they run at 20 to 30
bar with respect to the 1,500—3,000 bar of the much older
free-radical process) are in full growth. The development of
highly active Ziegler-Natta, and more recently supported
metallocene catalysts make such processes very attractive and
offer one the possibility of producing tailor-made polymers in
rather mild, and therefore less expensive, process conditions.
Gas-phase processes are, in theory, particularly interesting
because they use no solvents and because of the ease of sepa-
ration of the final product from the reaction medium. How-
ever, the use of highly active heterogeneous catalysts has
produced some very interesting chemical engineering phe-
nomena, particularly in the area of heat and mass transfer. It
is a well accepted (and rather obvious) fact that an under-
standing of the mechanisms underlying heat and mass trans-
fer in reacting systems is a sine qua non for proper reactor
design, optimization, and control. It is for this reason that
numerous university research groups and companies have in-
vested so much time and energy is trying to model these cou-
pled phenomena in the particular case of heterogeneously
catalyzed olefin polymerizations, and in particular the poly-
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merization of ethylene and of propylene in gas-phase reac-
tors (such as Xie et al., 1994; Taylor et al., 1981; Soares and
Hamielec, 1995; McKenna et al., 1995a,b, 1997a,b, 1998, 1999;
Laurence and Chiovetta, 1983; Hutchinson et al., 1991, 1992;
Floyd et al., 1986a,b,c, 1987; Ferrero and Chiovetta, 1987a,b,
1997a,b).

To put the problem of particle heat and mass transfer into
perspective, consider the different length scales involved in
the process shown in Figure 1. While this figure focuses on a
gas-phase fluidized-bed reactor (FBR), the different length
scales and transfer phenomena are the same in liquid phase
(slurry or liquid pool) processes. As one can easily imagine,
the detailed modeling of such a reactor is a highly complex
task involving reactor design, complex multiphase flows, in-
terphase mass transfer, particle—particle and particle—reactor
interactions, intraparticle heat and mass transfer, and
nanoscale phenomena such as the chemistry and kinetics of
the active sites of the catalyst and the crystallization of the
polymer. We will only consider the problem of heat transfer
in a gas-phase process at the level of one, two, or three
neighboring particles in the current work, which correspond
to length scales on the order of tens to hundreds of microns.

The reaction and evolution of morphology in the heteroge-
neously supported particles are complex, and very rapid. At
the risk of oversimplifying the particle growth process shown
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Figure 1. Phenomena and length scales involved in
polyolefin processes.

in Figure 2, it can be described using either the multigrain
model (MGM), or, with some additional simplifications, the
polymeric flow model (PFM) (see, for example, Laurence and
Chiovetta, 1983). The original catalyst particle used in the
polymerization is composed of a solid, porous support. Active
sites, the place where the polymerization actually occurs, are
activated metallic complexes that are distributed on the sur-
face of the elementary particles inside the pores of the sup-
port. Catalysts currently used in this type of process can be
divided into three main groups: metallocenes, Phillips, and
Ziegler-Natta (ZN) catalysts. The difference between these
two types of catalysts lies almost exclusively in their chemical
preparation, and the way in which the polymer chains are
formed at the active sites. However, when the catalysts are
supported, the basic physical processes of transfer are the
same in both cases, and any heat- and mass-transfer resist-
ance that might or might not occur are to a very large extent
independent of the catalyst system in use.

Initially, the monomer must diffuse from the continuous
external phase, through the boundary layer around the parti-
cle, and through the pores to the active sites where it forms a
solid polymer. The active sites are covered almost immedi-
ately with a layer of polymer that adds a further barrier
through which the monomer must diffuse in order for the
reaction to take place. After the first few seconds at most,
the hydraulic forces created by the formation of solid poly-
mer inside the particle cause the original structure to rup-
ture, or fragment. The particle retains its original shape
because of the entanglement and/or crystallization of the
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macromolecules formed in the porous structure of the origi-
nally porous support. Thus what was once a catalyst particle
becomes a ‘“‘polymer particle” composed of a continuous,
porous polymer phase in which fragments of the original cat-
alyst particle are suspended. This rupture of the continuous
catalyst particles allows the reaction to continue at a very
rapid rate—on the order of several tonnes of polymer per
gram of catalyst per hour—and thus to grow rapidly from an
originally very small particle (10 uwm) to a final size on the
order of 1 mm. It should be noted that since the reaction is
very fast, with typical rates on the order of 30,000 to 60,000 g
of polymer per gram of catalyst per hour (g/g/h), the trans-
formation of particle morphology and particle growth are also
very fast, especially in the early stages. The particle fragmen-
tation process is thought to take on the order of a few sec-
onds (Ferrero and Chiovetta, 1987a,b). This process can take
place in a gas phase, a liquid phase (slurry or suspension), or
a three phase system (gas/liquid/solid).

Given that the polymerization of olefins is a highly
exothermic reaction, with heats of polymerization on the or-
der of 100-110 kJ/mol, heat production rates are extremely
high inside a polymerization particle. Large temperature ex-
cursions in and around growing particles can be very danger-
ous because the reaction is typically carried out at a tempera-
ture of 80-90°C, and the melting point of the polymer will
vary from 105°C to 135°C depending on its composition. From
the point of view of understanding, mastering, and optimizing
a chemical process, how we go about modeling the heat-
transfer problem is therefore of a great importance. The re-
search groups of Chiovetta at the University of Buenos Aires,
and of Ray at the University of Wisconsin (Madison) were
the first to do an in-depth investigation of heat-transfer phe-
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Figure 2. Transformation of a fresh catalyst particle into
a polymer particle, and evolution of particle
morphology and growth.
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nomena in and around fresh catalyst, and growing polymer
particles. They pointed out in a number of articles that heat-
transfer problems can be important in gas-phase reactions
(such as Floyd et al., 1986a,b,c, 1987), but probably not so
much in slurry or liquid-phase reactions. As one would sus-
pect, heat-transfer problems (that is, large temperature rises
in and around the particles) are most important on fresh par-
ticles (no polymerization) with high activities. Also, the larger
the initial particle size, the greater the potential for heat-
transfer difficulties. This is not surprising since the rate of
heat generation will be proportional to the number of active
sites per unit volume, whereas heat removal, be it by convec-
tion or conduction, is at best proportional to the surface area.
Heat generation to removal rates are thus inversely propor-
tional to the particle radius. As a result, if the particles
“survive” to grow to much more than 2 or 3 times their origi-
nal size, it is unlikely that the evacuation of energy from them
becomes a difficult task. In fact this is doubly true since a
large number of highly active catalysts deactivate as the reac-
tion progresses.

In the case of ZN catalysts, most modeling work (see refer-
ences previously cited) of temperature profiles inside the
growing particles was predicted using an equation of the form

T
E:V'(keVT)-’_ZAHpRp' (la)

For a spherical catalyst particle, in initial and boundary con-
ditions are typically

T=T° fort=0

aT

F =0 forr=0 (1b)
(symmetry at particle center) (1c)

aT h

- pT(TBqu - Tsurface) forr=R (1d)
p

ar

[surface, with R=R(t)].

This energy balance is coupled to a mass balance via the
rate of reaction, Rp:

R,=k,C*[M]. 2

In this admittedly simplified expression, k,C* is an empirical
rate constant that is a function of temperature, time, and a
number of process variables; and [ M] is the concentration of
monomer at the active sites. The expression k,C* is a func-
tion of temperature, reaction rate, and radial position within
the particle.

Further simplifying assumptions (aside from sphericity) in-
clude the fact that the particle is said to be a pseudohomoge-
neous medium (implying that the characteristic length scale
for heat and mass transfer is the particle radius). Also it is
supposed that there is no convection of any kind inside the
particle. Finally, it is implicitly assumed in boundary condi-
tion (Eg. 1d) that heat transfer between the particle and the
bulk of the reactor takes place via convection only, and is
controlled by the film-side convective heat-transfer coeffi-
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cient ‘h’. This is one of the key heat-transfer parameters, and
has been the focus of much attention in work on gas—solid
reactions. The majority of works on olefin polymerization
published until now have relied on the use of “traditional”
chemical engineering correlations (such as Ranz and Mar-
shall, 1952) based on an estimate of the Nusselt number (Nu)
to predict heat- and mass-transfer coefficients around the
growing polymer particles. It has been pointed out (such as
McKenna et al., 1995a,b, 1999) that these existing descrip-
tions of heat transfer are inadequate for modern, highly ac-
tive catalytic systems for a number of reasons. Three of the
most important follow:

1. The fact that existing correlations for the estimation of
heat-transfer coefficients are based on work with particles of
a few hundred microns or more (initial particle sizes in olefin
processes are on the order of 10 to 20 microns in diameter)

2. These models assume that heat removal from growing
particles is accomplished purely via a convective mechanism

3. The models used to predict how heat is evacuated from
polymerizing systems do not account for the interaction of
the particles with their immediate environment.

If one considers only the relatively low rates of reaction
(activities), and thus relatively low rates of heat emission from
the particles simulated in the earlier works cited above (about
1/10th to 1/50th of the activities currently obtained in indus-
trial and laboratory reactors), it was perhaps not unreason-
able to use such correlations and to make implicit assump-
tions on the mechanism of heat removal from the particles.
Nevertheless, as we will see below, it is not realistic to at-
tempt to model modern catalytic systems supposing that all
heat is removed via convection, and there is no interaction
between the particle and its environment. It has previously
been argued that using ill-adapted heat-transfer coefficients
would lead to predictions of overheating at the center of the
catalyst particles, which in turn would cause the polymer to
melt, fill the pores of the growing particle, and thus cause the
reaction to slow down or stop completely due to severe
mass-transfer resistance. In such an event, one would never
encounter bed meltdown—an event that is all too common.
For this reason, we have begun to search for a better descrip-
tion of the phenomena that govern heat transfer in gas-phase
polyolefin reactors.

This is not to say that nobody has attempted to develop
methods that incorporate particle—particle interactions into
estimates of the heat-transfer coefficient; however, most of
the previous work has been done using nonpolymerizing sys-
tems. For instance, Rowe and Claxton (1965), and Brodkey et
al. (1994) take particle—particle or particle-wall interactions
into account and provide expressions that calculate higher
values of Nu (and thus h) than does the Ranz-Marshall cor-
relation. In fact, Brodkey’s expression yields values 20 to 100
times greater than those found for an isolated sphere. The
latter authors claim that the presence of other particles facili-
tates heat transfer because of collisions that pierce the parti-
cle boundary layer.

Martin (1979, 1984) also considered particle—wall interac-
tions, and claimed that this type of heat transfer can become
dominant for particles smaller than one millimeter in gas flu-
idized beds. He also provides a correlation for porous beds
that predicts heat-transfer coefficient values 2 to 3 times
greater than those found for single particles. This increase in

AIChE Journal



heat-transfer rates is explained by variations in the superfi-
cial velocity of the gas phase of the reactor due to variations
in the porosity of the bed. This type of contact would cer-
tainly facilitate heat transfer in general, especially if there
were repeated and/or prolonged contact between hot parti-
cles and a cooler structure, for instance, the reactor wall or a
larger less reactive particle. This in turn would help to ex-
plain—at least in part—why we remove more heat from the
particles than is predicted by single-sphere correlations.

Because of the length and time scales involved, as well as
the physical difficulty of measuring heat-transfer coefficients
on such rapidly evolving particles, it is very difficult to physi-
cally determine the mechanisms by which heat transfer actu-
ally occurs in this type of system. For this reason it was
decided to use computation fluid dynamics (CFD) to probe
the mechanisms by which heat can be evacuated. The current
article therefore uses powerful CFD techniques to investigate
how heat transfer occurs in this type of system; what influ-
ence flow conditions, particle size, and particle—particle in-
teractions might have; and what the characteristic times for
heat transfer are. By doing so, it is demonstrated that con-
duction rather than convection is one of the more dominant
means of heat removal in polymerizing systems, and why some
of the early models of heat transfer cited earlier overpredict
the temperature rise inside small, highly active particles.
Attention is focused on the polymerization of ethylene in
conditions similar to those found in gas-phase fluidized bed
reactors, but this should not be viewed as the only area to
which the conclusions and methods can be applied. The
mechanisms for heat transfer explored here are also valid for
nonpolymerizing systems. Furthermore, we examine very sim-
plified situations, and although these are chosen to be repre-
sentative of the heat-transfer conditions in a real reactor, it
should not be assumed that the simulations in what follows
are intended to precisely model particle and/or reactor be-
havior under real polymerization conditions.

CFD Modeling and Simulations

Since it is very difficult to directly observe and model all of
the phenomena involved, we decided to simulate particle be-
havior in a number of idealized settings. We have looked at
this problem with FLUENT (Fluent Users Guide, 1998), a
CFD code, that is used to calculate the velocity and tempera-
ture profiles at the particle surface, as well as the value of
various dimensionless groups such as the Nu and the Peclet
number (Pe) related to the heat transfer around both single-
and multiple-particle configurations.

The following momentum and energy-balance equations
were solved in two, spatial dimensions (x, and x,) for around
one, two, or three particles:

J J J JT,
E(pcp,ng)'l' ax_(PUij,ng)= aX. Ke.g ax. ©)
j i j

Ju; Iy
—+—||.
lax, " ox

4

ap 9
—_— +_
IxX;  IX

P P
E— u. +— . L)y =
at(p i) axj(p“l“')
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Table 1. Parameter Values and Particle Configurations

Value

20-500 ( uwm)
1 single particle (free stream)
2 particles (in free stream):
Touching,
1 diameter apart
2 diameters apart

Parameter

Particle size
Particle configurations

3 particles:
2 large, 1 small
Relative velocities 0.02,0.2,0.75 m/s
Gas-phase density 40 kg/m®
Gas-phase viscosity 1.1x10"5kg/m/s
Gas-phase thermal conductivity ~ 0.0214 W/m/K
Inlet gas temperature 350 K

In order to solve these equations, we used an unstructured
control-volume technique whereby the domain is subdivided
into discrete control volumes and the integration of equa-
tions is performed on the individual control volumes (Mathur
and Murthy, 1997). Velocities, pressure, and temperature are
all stored at the center of each control volume (collocated
approach) and the pressure is coupled with velocity field
through a simple algorithm. A second-order accurate dis-
cretization scheme is used for all simulations presented in
this article, and full details about the scheme are available in
Mathur and Murthy (1997).

Equations 3 and 4 were solved using a variety of conditions
and the fluid properties defined in Table 1 in order to calcu-
late the value of Nu, along with temperature fields and flow
fields needed to study the heat-transfer mechanism. The con-
ditions for which the equations were solved varied from rela-
tively simple, constant surface-temperature problems, through
constant heat-flux conditions, to the solution of problems with
conducting bodies and constant volumetric rates of heat pro-
duction. The simpler calculations were used in order to iden-
tify those problems that merited further study.

As in most instances where numerical calculations are in-
volved, it is important to establish that the results are inde-
pendent of the grid used in the simulations. This was done by
establishing an initial grid, performing a series of calcula-
tions, refining the grid such that the control volumes near the
particle were refined by a factor of 2 in each direction, and
performing the same calculations. A typical example of the
grid independence test performed in this study is shown in
Figure 3, where it can be seen that quite rigorous grid refine-
ment from grid 1 (Figure 3a) to grid 2 (Figure 3b) does not
influence Nu at the particle surface (Figure 3c). The differ-
ence between the coarse and refined grids is less than 4% at
most. Furthermore, we can see from Figure 3c that addi-
tional grid refinement (grid not shown) leads to no changes
in the calculated values for this example. Similar calculations
were performed for the different simulations discussed in this
article, although the results of such calculations are not shown
for reasons of space. We can therefore be confident that
the results presented throughout this article are grid-inde-
pendent.

It should be noted that most of the simulations that follow
are done under steady-state conditions. It will be shown in a
later section that this assumption is valid, and that it does not
change the final conclusions (qualitatively or quantitatively).

November 1999 Vol. 45, No. 11 2395



VAVAV;
v AVAYAYA
A N
Y

AV
1"“ "
PATANATY
Va

\/

ol
XA
X
\VaVA

N
Y,
FAYAY

AN

Y

)

AVAVAYAYA!
AVAVAYAYA

FAVAYAVAVAV A P! ‘
VaY
Ya¥
N

2
QAN
0
R
¥

K SLraAYAY

SOOI
7

s
QRS2

FAVATLYAYA

SVAVAVAVA o AVAVAY
VAVAVAV‘SNNA'
RERITELL

TAVAVavWAVAVAVAV,
Qm;v‘v‘ﬁ‘knﬂm WAVAVNA%’#\VA >
Vv VAYAVAVAVAv. A VAYAVAVANANS AV
% ::‘ 1“;: WAVAVA VL N Va7

% >

IN
AYAVAVAY,
Tavavay 9&'
R
S
A

V4
0000
a%s
W,
%
P

AV,
R
5

"4
XA
3200
VALY

[
!
oA
ey

5

() 18,

104
N“surfS .
6-
4

2

0.4
x/d

Figure 3. Demonstration of grid independence of CFD
calculations.

Passing from simple (upper) to more refined grid (middle)
does not change the value of Nu obtained for an example
calculation.

Constant Surface-Temperature Simulations
Evaluation of the Ranz-Marshall correlation

One of the best known correlations for estimating the Nu
of spherical particles is the Ranz-Marshall (RM) equation
(Ranz and Marshall, 1952), where

Nu=2+0.6Re”?Pr¥? (5)
and
2R u MmC
Re = L Pm  Pr=— P
Mm kf
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This has been used extensively in a number of modeling stud-
ies.

Given the widespread use of this correlation, and the fact
that numerous authors reported difficulties in applying the
RM correlation to multiple-particle situations, it was decided
that it would be useful to test its validity under the conditions
described earlier. This was done by examining Nu obtained
by CFD calculations for configurations for configurations of
a single particle and pairs of particles, and comparing the
results with the value of Nu obtained using the RM correla-
tion.

The local value of Nu on the particle surface is calculated
from:

qll ZR]_

o"Tg
- e
(Tsurface - Tx) I(f

q"=Kq—

dT |surface

Q)

Nu with

The results shown in Figure 4 for the case of a single parti-
cle in an infinite flow field are not unexpected: Nu increases

(@ -
30 - Direction of flow
1
204"
Nugyrf |
10
~~~~~~~ 20 pm
0 T 1 1 I 1 ) 1 t ) 1
0 0.2 0.4 0.6 0.8 1.0
x/d
(b) 30+
20
Nugyrf |
e 0.2m/s
10 S
| 0.02m/s
0 | I § [] I I 1 ¥ | 1
0 0.2 0.4 0.6 0.8 1.0

x/d

Figure 4. Surface Nu as a function of dimensionless ax-
ial position (x/d).

(a) Different particle sizes at a free field velocity of 0.2 m/s;
(b) different velocities at constant particle diameter of 100
mm.
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Figure 5. Velocity streamlines and temperature field around two particles as a function of their relative positions.
The gas flow (0.2 m/s) is going from left to right in this picture. Particles were 100 wm in diameter.

with particle diameter (Eq. 4a) and with velocity (Eq. 4b).
That this occurs is well known, and does not merit further
discussion. For the sake of conciseness, we limit the rest of
the discussion in this particular section to one diameter and

14

xd

Figure 6. Surface Nu as a function of distance along the
perimeter of a spherical particle.

In the case of two spheres separated by 0, 1, and 2 diame-
ters, the value is for the surface of the trailing particle.
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one velocity. The general conclusions drawn from these cal-
culations do not change.

The results of CFD calculations are shown in Figures 5~7
for the case of one or two static particles of diameter equal
to 100 pm, with a constant surface temperature, and sur-
rounded by a cool gas flowing at 0.2 m/s from left to right. In
this case, we assume that there is no significant aspiration of
matter at the surface due to reaction. The flow and tempera-
ture fields for this case study are shown in Figure 5; the value
of the surface Nu for the different particle configurations is
shown in Figure 6; and the surface-averaged Nu calculated
using CFD is compared with the values obtained using the
RM correlation in Figure 7. In the cases where we consider
two particles, the Nu shown is that of the trailing particle.
The presence of the trailing particle has little to no effect on
the Nu of the leading particle.

If we consider the simplest case first, that of a single sphere
isolated in the well-established flow field similar to that shown
in Figure 5 for two particles separated by two particle diame-
ters, it can be seen from Figure 6 that Nu is relatively sensi-
tive to the local velocity field: higher at the leading edge where
the velocity is higher, and dropping off as we move along the
particle, and the velocity drops off. Note that in this figure,
Nu is plotted at the surface of the particle as a function of
the dimensionless axial position, as shown in Figure 4. As in
the case where we varied the free field velocity, this is not at
all unexpected. However, since particles will rotate in a real
environment, one should not interpret this as meaning that a
different part of the same particle will experience significant
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Figure 7. Average values of the surface Nu calculated
for different particle configurations.

differences in heat transfer during the course of a reaction. A
surface average value of Nu will thus be more representative
of the heat-transfer conditions for the particle.

Figure 7 shows us that the surface average Nu for a single
particle calculated using CFD is very similar to that calcu-
lated using the RM correlation under conditions approaching
those found in a polyolefin reactor (but in the absence of any
reaction). This is not overly surprising given that the correla-
tion was developed for evaporation from a single sphere in
an infinite medium, and the single sphere case does not have
any complications due to the presence of bodies near the
particles. Nevertheless, it is interesting to see this confirmed
by other methods, and it also confirms the validity of the CFD
calculations. It is also evidence of the fact that any difficulties
encountered in modeling heat transfer in a polymerization
reactor do not stem from the fact that this correlation is false
(it is not), but rather from the fact that certain assumptions
about how heat transfer occurs are probably false. This and
other similar correlations are only valid in situations where
particles remain relatively well-spaced. Do not forget that
when it is applied to the modeling of heat transfer from
growing particles, RM seems to underpredict the convective
heat-transfer coefficient. This means either that heat is re-
moved from polymerization particles by other means, or that
the correlation itself is not valid (and our preliminary calcula-
tions suggest that it is valid!).

This is further corroborated by the results of the two parti-
cle calculations. The results of Nu as a function of dimen-
sionless center-line position are also shown for the second
particle in Figure 7 (there is very little difference between
Nu for the leading particle and the single particle). It can be
seen that the reduction in the velocity at the leading edge of
the second particle (cf. Figure 5) causes the local Nu to de-
crease over most of the particle surface with respect to the
value of Nu for a single particle, even when the particles are
separated by as much as one diameter. This decrease in the
leading-edge Nu causes the surface average value to drop.
However, when the particles are separated by 2 diameters
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there is essentially no difference between the Nu for this case
and the single-particle value. If we compare the resulting sur-
face-averaged value in Figure 7 for particles that are touch-
ing, or separated by one diameter, it can be seen that the Nu
are significantly lower than for a single sphere, or than that
calculated with the RM correlation. In fact, for the touching
particles, Nu is less than half of the value calculated with
RM. This means that using the Ranz-Marshall correlation
with bulk fluid velocities actually leads to an overprediction
of the real Nu at the surface of the particles in closely packed
systems, and thus to an overprediction of the convective
heat-transfer coefficient. This in turn suggests that, in a real
reactor containing a dense mass of hot particles, heat must
be removed by other means during the critical instants at the
beginning of the polymerization.

Effect of particle shape

The effect of particle shape and orientation with respect to
the direction of flow can be seen in Figure 8, where the Nu
at the surface of a particle is plotted as a function of dimen-
sionless position (same meaning as in Figure 4). The ratio of
the major to minor axes of the ellipsoids was 2:1 (the minor
axis being set at 100 um).

It can be seen here that the Nu at the leading point (that
is, where the gas hits first) of the different particles is signifi-
cantly affected by the shape and orientation of the particles.
However, the lowest value is still relatively high, and this in-
fluence quickly disappears. Furthermore, although Nu is
slightly lower for more particles aligned with the direction of
flow, it is easy to imagine that the value of Nu averaged over
the surface is quite similar in all cases. Also, particles in real
flow situations probably rotate with respect to the direction
of flow. We can therefore conclude that in so far as the
heat-transfer coefficient for the particles studied here is con-

257
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Figure 8. Effect of particle shape and orientation on
surface Nu number at a linear gas speed of
0.2 m/s for a sphere with a diameter of 100
pmm and for 2 ellipsoids of the same volume
average diameter.
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Figure 9. Variation of heat transfer Pe above particle
surface as a function of dimensionless radial
position.

(a) Varying velocity and a fixed particle size; (b) varying par-
ticle sizes and a fixed velocity.

cerned, the shape and orientation of the particles, while not
negligible, have only a secondary influence compared to the
particle—particle interactions shown earlier. It can be seen
from Figures 4, 6, and 8 that the average value of Nu for
round and elliptical particles is similar. This suggests that the
RM, or any other correlation, can be applied to aspherical
particles without too much difficulty, but, of course, with the
same restrictions as mentioned before. Therefore, we will not
consider the influence of particle shape in what follows.
One final result from the constant surface-temperature
particles is shown in Figure 9, where we can see the variation
of the heat-transfer Peclet number (Pe) for a single particle
in an infinite flow stream as a function of dimensionless ra-
dial position at the particle surface in the direction normal to
the main flow vectors. The heat transfer Pe is defined as

Lpuc, convective heat transfer
Pey, = =

& ~ conductive heat transfer ’
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where k; is the thermal diffusivity of the gas, c, its heat ca-
pacity, u the local velocity, and L a characteristic length scale
(here taken to be the average size of the control volume used
in the numerical integration scheme. Figure 9a shows the re-
sults for varying free stream velocities at a fixed particle di-
ameter of 100 um, and Figure 9b shows the influence of
varying particle size at a fixed free stream velocity of 0.2 m/s.
It is immediately evident (and to be expected) that particle
size significantly influences the value of Pe. The results shown
here suggest that for big particles, convection is the dominant
mechanism of heat transfer, since the particle boundary lay-
ers are rather small compared to particle size. The opposite
is true for small particles, where for the 20-um particles, es-
pecially at low free stream velocities, conduction is a very
important means of evacuating the energy from the particles.
In fact, for the small particles (20 wm) at a fixed free stream
velocity of 0.2 m/s, the Pe remains at or below 1 for over one
particle radius above the surface. Since we have previously
seen that the presence of particles in the reactor can perturb
the free stream velocity “seen” by neighboring particles, it is
highly likely that convective heat transfer is not the only way
to evacuate energy from polymerizing particles. This result
lends quantitative support to hypotheses published by
McKenna et al. (1995a,b), where the authors did an order-
of-magnitude calculation to show that, in certain cases (small
particles, low velocities), conduction might play an important
role in heat transfer. This point is explored below in more
detail.

It should be noted that while a constant surface tempera-
ture is not necessarily reflective of conditions in a reacting
system where temperatures can depend on a large number of
variables, this configuration was chosen in order to explore
some limiting cases and to obtain information on the validity
of the Ranz-Marshall correlation. This will become clear from
some of the case studies presented below. Such a simplified
problem structure is therefore probably acceptable, at least
to draw conclusions about the fact that it is unlikely that con-
vection alone can explain how the heat is removed from the
particles, and the effect of particle shape.

Constant Heat and Volumetric Flux Conditions

It is probably more appropriate to study flow systems where
we have a constant heat flux at the particle surface, or, even
better, constant rate of heat production per unit volume
throughout a particle.

Constant surface heat flux

It is a relatively simple matter to estimate heat fluxes based
on ‘“‘observed” reaction rates. It is simply the product of the
observed rate of reaction times the heat of polymerization
times the mass of catalyst per particle, divided by the surface
area of the particle:

4 3
Rp peffEWRo

Quurt = ———pzAH,. M

If one accepts that the density of a catalyst particle is on the
order of 1 g/cm?3, that of a growing polymer particle is ap-
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Figure 10. Evolution of Nu and surface temperature of
a single sphere as a function of position
along the perimeter for different heat fluxes.

Note that the 3 curves of Nu as a function of x/d are indis-
tinguishable.

proximately 0.5 g/cm?, that the heat of polymerization of eth-
ylene is on the order of 100 kJ/mol and that the particles are
roughly spherical, it is easy to calculate average heat fluxes
that correspond to observed reaction rates. If we consider a
range of reaction rates from 5000 g to 50,000 g polymer per g
catalyst per hour, the heat flux for relatively small particles
(20 wm) at the beginning of the reaction should range from
about 20 to 200 kW/m?, respectively, and by the time they get
to be 100 um (starting from 20 wm), the range of heat fluxes
is on the order of 0.5 to 20 kW/m?. We therefore consider a
range of values of constant surface heat fluxes from 25 to 250
kW/m? as being representative of a wide range of (reasona-
ble) polymerization conditions.

The evolution of Nu and of the surface temperature for a
single sphere as a function of dimensionless axial position is
shown for different heat fluxes in Figure 10 for relative parti-
cle—gas velocities of 0.2 m/s. The surface temperatures were
calculated by imposing a constant heat flux at the particle
surface and estimating the corresponding value of Nu. If we
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assume that heat removal is by convection only, it can be
seen that surface temperatures can be very high for small (20
wm) particles that generate heat fluxes of 250 kW/m? (note
that the melting point of polyethylene varies from 130°C down
to about 100°C, as the comonomer content increases). This
has obvious implications in reactor stability and control, al-
though it should be noted that these heat fluxes are valid
only at the very beginning of the reaction (this kind of tem-
perature can only be reached in simulation!). As can be seen
in Eqg. 7 the heat flux varies as one over the particle radius,
which increases very rapidly during the early stages of the
polymerization. So if we manage to pass through the first few
moments of the polymerization, the specific heat flux per
square meter will continually decrease, as will the surface
temperature.

However, as we saw before, particle—particle interaction
cannot be neglected, since it has a significant effect on local
Nu values, especially in the event that particles are touching.
Let us consider the case of two small particles, representative
of fresh catalyst. Results of CFD calculations with different
heat fluxes for two touching particles with diameters of 20
wm are shown in Figure 11. As one would suspect, the point
where the two particles are in contact is the hottest, regard-
less of the heat flux. In the case of the small highly active
particles, the surface temperature drops rapidly as we move
along the particle perimeter before increasing slightly in the
recirculation zones at its rear. Of course, a value of 250
kW/m? is very high and, as we stated earlier, it drops rapidly,
so it is very unlikely that the surface temperature of a parti-
cle really attains 650 K. In fact, as the temperature increases
much above the melting point of the polymer, the pores would
fill with molten polymer. This would have the effect of in-
creasing mass-transfer resistance, thereby cutting off the
monomer supply to the active sites, and the reaction would
stop well before the surface temperature of a particle attains
650 K, as predicted in this figure.

Note that Nu as shown in Figures 10 and 11 does not de-
pend on the surface flux under the conditions that we have
imposed here (density, kg, viscosity, etc., independent of tem-
perature). This is of course not entirely rigorous since physi-
cal properties are usually moderate functions of temperature.
However, as we explore the order of magnitude effects here,
there seems to be no need for highly detailed physical mod-
els, and any slight alteration to parameters such as viscosity
and thermal diffusivity will not have any significant effect on
the final conclusions.

However, the results of Figures 10 and 11 suggest that hot
spots really can form between two particles of the same size
that are in contact with each other. This is reinforced by the
fact that even for significantly lower values of the heat
flux—values that are encountered for periods longer than a
few seconds—hot spots with temperatures higher than the
melting point of polyethylene can form at the interface be-
tween two particles in contact. This at least explains how
meltdown might occur in reactive situations: two small, highly
active particles collide, then rest together long enough for
meltdown to occur. This forms a ‘‘pseudoparticle” with a
larger value of R, than the first two particles, thereby in-
creasing the heat flux per unit surface, which increases the
temperature, and so on. However, for particles with lower
heat fluxes—those that correspond to larger particles—the
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temperature rise is not particularly important. So one would
suspect that larger particles will not melt when they come
into contact, even if they are highly active, since the heat flux
per unit surface is relatively low.

Up to this point, we have only considered particle—particle
interaction for particles of the same size. In the final series of
simulations of constant heat-flux conditions, we examined the
interaction between large and small particles with the config-
uration shown in Figure 12. In a continuous reactor, one will
frequently find very large particles near the end of their resi-
dence in the reactor alongside small, freshly injected parti-
cles. As we saw earlier, the specific heat flux per unit surface
is so low for large particles that their surface temperature is
close to that of the free stream flow. For this reason we de-
cided to set the surface temperature of the large particles in
this configuration equal to 350 K, the same as the bulk fluid.
We then ran a series of simulations with small particles hav-
ing different initial heat fluxes (that is, initial activities) of 75,
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150 and 250 kW/m? (which correspond to observed activities
of 18 kg/g/h, 36 kg/g/h, and 60 kg,/g/h). The particles were
allowed to “grow” from an initial diameter of 25 wm, to 50,
100 and 250 um. The effect of this was to reduce the initial
value of the surface heat flux by a factor of 4, 16 and 100.
The results of this series of simulations is shown in Figure 13
in the form of the surface temperature of the small particle
as a function of its dimensionless axial position (relative ve-
locities 0.2 m/s).

As one should expect by now, the surface temperature of
the small particle diminishes rapidly as the particle gets larger.
Also, given the fact that the larger particle masks the smaller
ones from the bulk flow, the Nu at the surface of the smaller
particles is lower than for similar sized particles (see Figure
4), and the surface temperature is correspondingly higher for
the middle particle in the configuration in Figure 12 than it is
for a single particle on its own size. However, given the rela-
tively constant (almost zero) flow field in the vicinity of the
small particle (see Figure 14), the surface temperature varies
little as one moves along the surface of the small particle.
Finally, only the low-activity particle seems to have a rela-
tively acceptable surface temperature before it starts to grow.
The average surface temperature for the 25-um particles is
383, 416 and 461 K (remember the melting point of high-den-
sity polyethylene is on the order of 400 to 405 K) for surface
fluxes of 75, 150 and 250 kW/m?, respectively. As the parti-
cles grow, the average surface temperatures are 352, 355 and
359 K for the same fluxes. The initial particle diameter is
admittedly a bit high in this case—one might expect modern
catalyst particles to be more on the order of 12-20 um in
diameter. Nevertheless, these simulations still show that large
particles, even if they are relatively cold, have the effect of
masking small particles from the free stream flow, thereby
increasing any difficulties associated with the removal of heat
from them (if they are not touching!), and that it is indeed in
and around the small particles that heat transfer must be bet-
ter studied.

Again, this series of calculations is a simplified picture of
what should occur in a reacting system, and we have assumed
here that the particle center does not heat up. This restric-
tion will be lifted in subsequent simulations, but the results
obtained here will help us to identify systems where more
detailed calculations should be performed.

T~ 350K
U= 0.2 mfs —»

Figure 12. Configuration of particles for 3 particle simu-
lations.
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Figure 13. Surface temperature of small particle in Fig-
ure 12 as a function of initial rate of heat
generation and particle “growth.”

Heat flux was divided by 4, 16, and 100 to similate diame-
ters of 2, 4 and 10 times the original particle diameter.

Constant volumetric heat flux with intraparticle conduction

The final series of simulations to be presented here is that
of particles with constant heat flux per gram of catalyst (ef-
fective heat flux inversely proportional to the particle vol-
ume) and the incorporation of the possibility of conduction
of energy within the solid body. The previous simulations us-
ing constant surface temperature, then constant surface heat
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Large Particle Large Particle

Figure 14. Flow field in the vicinity of small particle in
Figure 12.

Velocity of gas is proportional to the length of the arrows.

flux, were used to isolate the range of particles sizes, configu-
rations, and conditions that warranted further investigation.
In this last section, Egs. 3 and 4 were solved for the gas phase
as above, and a third equation describing conduction in the
solid body was added:

1% 3 J " AR ~
E ( pprsTs) = ﬁ_X, e,s W) + Quol- (8)

For all of the simulations that follow, we used a solid phase
density of 900 kg/m?, a thermal conductivity of 0.117 W/m/K,
and a specific heat of 2.15 kJ/kg/K. The volumetric heat flux
from a particle is given by

QvoI=4—AHp' (9)

If we take the same parameter values as before, the volu-
metric heat flux for a 20-um particle at the beginning of the
reaction is about 5x10% kW/m?® for an observed activity of
5,000 g/g/h, and 5x107 kW/m? for 50,000 g/g/h. As the
particle grows, the heat flux will drop as one over the ratio of
the original to the new particle diameter to the power of
three. For example, if we choose a value of the volumetric
heat flux for small particles of 10 wm in radius on the order
of 107 kW/m?3, it is reasonable to take values on the order of
640 for particles with a radius of 250 wm. Note that the ob-
served rate of polymerization in terms of grams of polymer
per gram of catalyst per hour in both particles would be the
same. The fact that the active sites are “diluted” in the grow-
ing particle by the polymer produced means that, although
the quantity of active sites per particle remains constant, the
concentration of active sites, and thus the rate of heat gener-
ation per unit volume, drops. As we will see below, this is an
important point.
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To begin with, we evaluated the same particle arrangement
as in Figure 12, with only very slight changes in particle sizes:
the small particle was taken to be 20 pm in diameter instead
of 25, but the larger particles remained at 500 um in diame-
ter. Particle heat fluxes were taken as 4 X 10’ kW/m? for the
small particle and 2 X 103 kW/m? for the large ones. The free
stream velocity was taken as 0.2 m/s, and bulk temperature
was set at 350 K.

The flow field is evidently very similar to the one in Figure
14, where the large particles shield the small one from the
flow. This, combined with the extremely high heat flux in the
small particles, has the effect of causing the overheating of
the small particles. This can be seen from the graph in Figure

15, where the simulations predict a core temperature of 436
K for the small particles—way over the melting point of even
polypropylene, and thus not physically realistic. Nevertheless,
this shows two things: (1) the results of the constant surface
flux calculations are quite reasonable. There is only a small
temperature gradient inside the particles under these condi-
tions. The major gradient is between the small particle and
the surrounding fluid. Of course, overheating in a reacting
particle would push the reaction rate higher and higher, which
would obviously have the effect of creating larger tempera-
ture gradients within the particle. (2) If particle—particle in-
teractions are to play a role in heat-transfer removal, it is not
sufficient for the small particles simply to be in the vicinity of
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Figure 15. Temperature contour map for case of one small particle (dp =20 pm) surrounded by 2 large ones (d, =

500 pm).

Heat fluxes are 4x 107 kW/m?> for the small particle and 2x 103 kW/m?> for the large ones. Thick black lines indicate large-particle

boundaries.
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large ones. In fact, it can be seen that the large particles are
hardly heated at all by the small one, even at a distance of
only 20 wm. This can be seen in Figure 15, where the
center-line temperatures in the simulated system are shown
as a function of position. It is interesting to note the very
small temperature gradient inside the larger particle when
compared with the two others in the system.

One last point that seems useful to look at is the time it
takes for the steady-state temperature profiles to develop in
this system. It should be pointed out that for reasons of econ-
omy, all of the results presented up to this point were for
steady-state calculations. In order to verify that this is a valid
approach, the calculations in Figure 15 were repeated in
transient mode. It can be seen from Figure 16 that it takes
only 0.025 s for the surface temperature of the small particle
to reach 99% of its steady-state value, and becomes identical
to the steady-state value at 0.5 s. For this reason, it seems
reasonable to accept the conclusions drawn to this point with
the steady-state calculations.

In the earlier parts of this article, we saw that:

e Single particles in a free stream might overheat if heat
generation rates are comparable to those of a moderately ac-
tive olefin polymerization, but generally will not

e Small particles overheat more than large ones, even if
small and large particles have the same rate of polymeriza-
tion

o If two small particles touch, the contact point will over-
heat

e Large particles can mask small ones from the cold gas
stream, and thus lead to their overheating.

Although these conclusions provide us with some useful
information, they seem to represent (to a certain extent) the
guantification of some of the objections raised by McKenna
et al. (1995a,b) to earlier articles on the modeling of heat
transfer in polyolefin processes. We still do not understand
why all of the heat that is produced during the course of
these reactions is removed, because, although certain models
and simulations would have it otherwise, we do manage to
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Figure 16. Difference between steady state and tran-
sient calculations.

A cold particle injected into this stream that begins to re-
act immediately will reach 99% of the steady-state temper-
ature in less than 0.025 s.
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polymerize ethylene at rates on the order of several tens of
thousands of grams per gram per hour in gas-phase fluidized
beds. As we pointed out earlier, one of the major weak points
of previous modeling efforts is that particle—particle and par-
ticle-wall collisions are not included in polyolefin models (al-
though other workers such as Martin (1979, 1984) have tried
to quantify this effect).

For this reason, it was decided to investigate whether colli-
sion between the particles improved or worsened the situa-
tion. We therefore defined a series of test cases that involve
small particles in contact with larger ones, and in contact with
heat-transfer surface areas such as the reactor wall. Given
the results presented earlier, it did not seem particularly use-
ful to continue modeling interaction between two small parti-
cles.

The case studied here consists of a large and small particle
that touch each other at a single point. The small particle
(d, =20 pm) is said to be upstream with respect to the gas
flow (relative velocity of 0.2 m/s), and the large one (d, = 800
um) is behind it. Both the mesh and the temperature con-
tours are shown in Figure 17a. Both solid zones (catalyst and
polymer) are assumed to have identical properties apart from
different heat release: heat fluxes are 4x10” kW/m? for the
small particle and 625 kW/m? for the large one. It is interest-
ing to note here that instead of observing a hot spot at the
contact point, the temperature contours shown in this figure
indicate that the small particle is instead cooled down by be-
ing in contact with the larger one. Consequently, the maxi-
mum temperature in the system is inside the small particle,
rather than at the interface. Furthermore, the hottest point
in the system, just to the left of center in the small particle, is
approximately 390 K—Iless than the melting point of a typical
high- to medium-density polyethylene despite the fact that
the heat flux in the small particle corresponds to an activity
on the order of 50,000 g/g/h!

Note that the simulation in Figure 17a (where the gas flow
was coming from left to right) was rerun for a gas flow com-
ing from the other direction. Although the results are not
shown here, it was found that the hottest spot in this second
configuration (that is, where the small particle is hidden from
the flow by the big one) is equal to 392.4 K, a similar value as
for the case where the large particle does not directly hide
the small one. This observation is simply due to the fact that
the small particle is of the same order of size as the large
particle boundary layer, so convective effects at the particle
surface are essentially negligible. This is a very significant re-
sult! In fact, this strongly suggests that heat transfer from
very hot particles in packed systems can occur to a large ex-
tent by conduction.

Note that the results in Figure 17a are shown at a time of
0.3 s. As we saw earlier, it takes very little time to reach
steady state in a dynamic simulation. Of course, it remains to
be said just how long two particles such as these remain in
contact, and how frequently they collide. Furthermore, the
transient calculations assumed that the small particles had an
initial temperature of 350 K everywhere. However, it should
once again be stressed here that the principal objective of
these simulations is not to provide an exact model of a poly-
olefin polymerization, but rather to help us to quantify some
of the principal phenomena that might play a role in heat
transfer in these systems, and to understand why we are able
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Figure 17. Coupled flow-solid heat-transfer problem.

(a) Two touching, conducting bodies (CFD grid on upper portion, temperature profile on bottom); (b) two touching, conducting bodies
with a contact surface area 5 um in diameter.

to remove heat that traditional models say we cannot get out  we are dealing in the case of olefin polymerization have very

of the particles. smooth, uniform surfaces. For this reason it is also unlikely
The next test case is also concerned with the interaction of  that two particles coming into contact will touch only at a
the particles shown in Figure 17b. In a more realistic situa- small point. Therefore, we chose to simulate the case of two

tion, it is very unlikely that most of the particles with which particles touching with a larger contact area in the shape of a
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Figure 18. Surface temperatures and centerline temper-
atures for the different cases studied in this
work.

circular plane with a radius of 5 um to explore whether this
type of contact deteriorated or improved heat removal from
small particles. The heat fluxes, velocity, and particle sizes
are the same as those in the previous example. The tempera-
ture contours for this test case in Figure 17b indicate that an
extended area inside the large particle is slightly affected by
heat coming from the small particle—slightly more than in
the point contact case. However, this slight heating of the
large particle generally is not particularly important.

The importance of this contact heating is summarized in
Figure 18, where we can see the center-line and surface tem-
peratures for the point-contact and surface-contact examples,
compared to the results of the same simulation for a single
particle in a free gas stream. Note that the “best” heat trans-
fer is obtained in the case where there is a contact surface.
Generally speaking, the point-contact and single-particle sim-
ulations reveal very similar temperature profiles, with the av-
erage temperature inside the particle with the point contact
being just slightly lower. This is interesting since it should not
be forgotten that the local velocity profiles in these two cases
are very different. In the case of the single particle, the veloc-
ity near the particle surface is relatively high, which improves
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local heat transfer and aids in the cooling of the particle. On
the other hand, if a single particle is *‘shielded” by a large
particle that nevertheless does not touch it, it can signifi-
cantly overheat. This was demonstrated by the previous set of
simulations using constant heat flux (4x107 kW/m? roughly
corresponds to a surface heat flux of 200 kW/m? for a 20 um
particle) in Figure 12. Thus the small particles that overheat
in the “not touching” geometry of Figures 11 and 12 are suffi-
ciently well-cooled, even at high activities, by simple contact
with large particles.

This helps to quantitatively explain the need to add inert
powder particles when starting up a batch reactor. In a con-
tinuous reactor such as an FBR, there is a wide distribution
of particle size in the reactor at steady state. It is therefore
quite likely that there are enough large particles to absorb
the heat of the smaller ones when catalyst or prepolymer par-
ticles are injected into the reactor. On the other hand, in a
batch reactor all particles are more or less the same size at
all times during the reaction. Therefore, in addition to help-
ing ensure even distribution of the catalyst particles (that is,
ensuring that two small particles do not come into contact),
the large particles also help us to get over the initial hurdle
of concentrated heat release by absorbing a good part of the
heat of reaction.

As we have just said, there is a distribution of particle sizes
in continuous reactors. It is therefore of interest to look at
the effect of varying the relative length scales on the impor-
tance of the conduction of heat from small to large particles.
Different case studies of this type are presented in Figure 19
where we see the evolution of center-line temperature for a
variety of particle sizes and heat production rates. It is inter-
esting to note that as the ““large” particle decreases, the core
temperature of the smaller particle actually drops. This is
most likely due to the fact that convection plays a larger and
larger role in heat removal. In the case of the 20-800-um
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Figure 19. Centerline temperature profiles for the case

of 2 particles touching at a single point—ef-

fect of relative particle sizes on centerline

profiles.

AIChE Journal



! 395K

370K

345K

1. -

Point of contact with wall

Figure 20. (a) Temperature contour map for a 20- um particle touching a cold surface such as the reactor wall
(temperature = 345 K); (b) closeup of temperature profile.

pair of particles, the 20-um particle is, for all intents and
purposes, inside the momentum boundary layer of the larger
particle and the local velocity at the small particle surface is
very low. All heat is therefore removed by conduction with
the larger particle. As the large particle diminishes in size, its
boundary layer gets smaller and smaller, and the gas velocity
at the small-particle surface increases. This helps to cool the
particles to a certain extent. However, once the two smail
particles are more or less the same size, hot spots can form
as shown earlier. This is a very interesting explanation for
how meltdown, or particle agglomeration can occur in an FBR
reactor for the polymerization of ethylene or propylene in
the gas phase.

In the final series of test simulations, we examined the in-
fluence of the interaction between a hot particle and an inert
(that is, nonpolymerizing) object such as the reactor wall us-
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ing 3-D geometry whereby the sphere (particle) with 20-um
radius is touching the wall at a single point. A full 3-D grid is
needed in this case, and the calculations become much more
time-consuming. However, from a physical point of view, this
test case differs from the 20-500-um case, essentially in the
choice of boundary conditions. In the case of two particles
treated as conducting bodies, the larger particle has such a
low heat flux that it is almost inert. The major difference
between an essentially inert polymer particle and the reactor
wall is that, the reactor wall (assumed to be made of stainless
steel) is a much better conductor of heat than a polymer par-
ticle.

If we assume that the reactor wall is a body with a constant
surface temperature of 345 K, we obtain the temperature
contours shown in Figure 20 for a 20-um-diameter particle
with a constant volumetric heat flux of 4 x 107 kWy/m”>. Obvi-
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Figure 21. (a) Temperature contour map for a 20- um particle touching an adiabatic wall (zero heat Hux); {b) closeup

of temperature profile.

ously, the cooler wall temperature certainly helps to cool the
particle down, despite the relatively low local velocity due to
proximity with the wall.

If on the other hand, since the reactor wall acts as an inert,
adiabatic surface, we obtain the contour map shown in Fig-
ure 21. Once again, this is probably to be expected given that
if no heat is removed by conduction with the inert surface, it
must be evacuated by convection. We have already seen that
this is not particularly effective in low-velocity situations. Al-
though the local velocity along the particle surface is higher
than that near the surface of the small particle in Figure 12,
it is still not as high as in the case of the single, isolated
particle. Thus, contact heating changes nothing, the wall slows
the cooler fluid in the vicinity of the particle, and it obviously
gets hotter than in the case of the single particle in the vicin-
ity of the wall.
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A comparison of the different temperature profiles in the
system can be seen in Figure 22. In Figure 22a we can see the
surface temperatures as a function of dimensionless axial po-
sition. The upper and lower portions of the two curves for
the particle—wall cases represent the lower and upper sur-
faces of the particles, respectively (the simulation is not ax-
isymmetric in this case, as it is for the single particle). Figure
22b shows the center-line temperatures. The contribution of
convective heat removal can be seen by comparing the single
particle and adiabatic wall cases. The major difference be-
tween these two geometries is in the local velocity at the par-
ticle surface, and in particular at the leading edge. The sin-
gle-particle temperatures are lower, especially when com-
pared to the lower surface of the adiabatic wall case, because
the local velocity near the wall is almost zero.

Before finishing this last example, it is also interesting to
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Figure 22. Interaction between small, hot particles and
cold wall for both conducting wall at 345 K
and for adiabatic wall.

(a) Temperature profiles at particle surface in the plane
along the main direction of flow, and (b) temperature along
the particle axis normal to the wall. Note that Q = 4 x 10°
kw/m? for small particle.

note that the temperature outside the particles, especially in
the downstream direction, is relatively high. This means that
highly active particles can cause significant temperature in-
creases in their immediate vicinity. Therefore, although we
have not tried to simulate this case, it would be interesting to
look at just how close two particles have to be before they
can cause each other to overheat. The results presented in
Figures 5 and 6 suggest that shielding of one particle by an-
other causes the local velocity of the downstream particle to
drop, thereby leading to the creation of hot spots. However,
this analysis did not take into consideration overheating by
the neighboring particle. Nor did the analysis of the particle
configuration in Figure 12. Here, the neighboring particles
were essentially inert bodies. If two small particles are close
enough, especially in a low-velocity zero, they might not even
have to touch in order to provoke the formation of hot spots.

Conclusions

We have used CFD calculations to explore heat-transfer
phenomena that occur during ethylene polymerization in a
gas-phase reactor with conditions approaching those of a flu-
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idized-bed reactor. This has turned out to be a very useful
tool, allowing us to explore certain aspects of heat-transfer
phenomena in a quantitative manner. Although the situa-
tions simulated here are admittedly very simplified with re-
spect to what occurs in a real reactor, the quantitative results
allow us to understand the relative importance of different
mechanisms for heat removal from growing, highly active
particles. The work presented here allows us to draw the fol-
lowing conclusions:

e We have validated the Ranz-Marshall correlation for
single spheres. However, this correlation is only valid for
highly diluted systems. If the particles are close enough to-
gether that the flow field around them is perturbed, the RM
correlation will overpredict the value of Nu (and thus the
heat-transfer coefficient) if one uses the relative particle—fluid
velocity in the correlation. The implications of this should be
obvious: any models employing this correlation to try and es-
timate how heat is removed from highly active particles will
overpredict the importance of temperature profiles.

e If two particles of the same size and shape touch, a hot
spot will form in between them.

e Particle shape (within reasonable limits, of course) does
not have an overwhelming influence on convective heat-
transfer coefficients. Particles in the shape of ellipsoids had
surface-averaged values of Nu similar to those of single par-
ticles of the same relative size. Therefore the RM correla-
tion, when valid, can be used for slightly elongated particles
with no correction.

e Constant surface heat-flux calculations showed that un-
der extremely ideal conditions, heat could be removed by
convection from single particles in a free gas stream if the
relative particle—gas velocity was high enough. However, if
small, highly active particles were shielded from the gas flow
without any contact, the reduced velocity in the area of the
particle surface would lead to significant and rapid overheat-
ing.

e Contact between small, hot particles and larger, rela-
tively cool ones helps to avoid overheating in the former, even
when the local velocity at the particle surface is very low and
convective heat transfer plays little to no role. The larger the
contact point, the more exaggerated the effect of contact
cooling. Similarly, contact with the reactor wall (or other
cooling surfaces) has the same effect in a more pronounced
way.

e Contact with an adiabatic surface does not improve heat
transfer—in fact, it reduces the amount of heat that can be
removed from a particle, because lower velocities in the
neighborhood of a larger solid object lead to a reduction in
convective heat transfer.

e Establishment of steady-state temperature profiles can
be very rapid, with the temperature reaching 99% of its
steady-state value in approximately 0.025 s. This means that
overheating can occur very rapidly, or, conversely, that con-
tact cooling can also be rapid.

The most significant conclusion is the fact that contact
cooling can play such an important role in heat transfer. If
one considers that FBRs are highly packed systems, with par-
ticles of many different sizes moving about very rapidly, it is
not surprising that heat transfer is much more efficient than
predicted with classic convection-only models during the first
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few critical moments of polymerization on small, highly active
particles. And, although this study did not look specifically at
the case of stirred-bed reactors (SBR), these results also al-
low us to understand a bit more how heat transfer can
occur there. From a “heat transfer” point of view, stirred-
bed reactors differ from FBRs only in that the relative parti-
cle—gas velocities in the SBR are lower. Since it is common
practice to put a small charge of large particles (or rock salt,
etc.) in the reactor at the beginning of the polymerization to
disperse the catalyst, it is reasonable to suppose that these
same large particles absorb a good deal of heat from the
smaller, more active ones, even in a batch reaction. In addi-
tion, a certain amount of heat might be removed through
contact with the reactor wall. However, contact with the agi-
tator in an SBR (especially in batch) might be more akin to
the adiabatic wall situation if it is not maintained at a lower
temperature. Thus a good deal of the deposits, and so forth,
that one observes on the agitator and its axis might be due to
localized overheating of the particles, as we saw in Figure 21.

Of course, it remains to be seen just how long contact times
are and what more complex particle—particle interactions
might produce in terms of heat transfer. Furthermore, it is
entirely possible that it is necessary for particles to actually
touch for overheating to take place (between two small parti-
cles), or for a cooling effect to take place (between large and
small particles). It might in fact be sufficient for particles to
pass close enough to one another for a short period of time
in order for an interaction to take place. More advanced CFD
simulations can be used in the next step to look at these pos-
sibilities. Nevertheless, the results are conclusive proof that
heat-transfer modeling during the polymerization of ethylene
must take more into account than simple convective heat
transfer if we are to hope to obtain a good, quantitative de-
scription of the different phenomena occurring in the reac-
tor.
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