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Abstract

Numerous models have been proposed to account for gas—solid reactions where conversion does not
occur at a sharp moving front and where the simple shrinking core model is not applicabe. Here
we compare the simplest representations of the two broad classes of such models: the grainy porous
pellet model of Szekely and cowoekers for the reaction of porous particles, and the crackling core
mode] of Park and Levenspiel for the reaction of dense particles. The phenomenologicall view,
the conversion-time behavior and the size depsndency are markedly different for these two models.
Experimental methods for evaluating the parameters of these models and for choosing the right

one for the system at hand are discussed.
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Indroduction
When a solid particle reacts with its surro-
unding gas it is sometimes observed that reaction
occurs from the outside in, and that a sharp
front separates the shrinking core of unattacked
virgin solid and the growing shell of completely
converted product solid. The two limiting rate
controlling mechanisms are either the attack
and destruction of the virgin core (reaction
control) or the diffusion of gaseous reactant
through the preduct layer (ash diffusion con-
trol).

This model, called the shrinking core model,
in one or other of its forms, has been introduced
and forgotten a number of times in the early
part of this century. Eventually, following the
publications of Yagi and Kunii?, McKewan?,
Levenspiel®, Spitzer, e al.* this model became
firmly established in the mainstream of chemical
and metallurgical engineering.

Basically this model views that the porosity
of the reactant solid is rather small and hence
reactant solid is practically impervious to reactant
gas, and that the fragments of solid formed by
fissures and cracks on the surface of virgin
core are converted very rapidly so that the
moving reaction front leaves behind it com-
pletely converted solid. For stoichiometry

Alg) +bB(s) —>R(g) +S8(s) ey
We obtain® from this the following

simple conversion-time expressions for spherical

model

reacting particles: For reaction control

b _xyss o PR
- =1-1-X)V3% = .Ca 2
For ash diffusion control
o 1_3(1-X)?3 xye.— PBRE
- =1-3(1—X)¥3+2(1—-X) 7 66DCar
(3)
where 7 is the time required for complete
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conversion.

Fig. 1 shows how the conversion of solid
changes with time for this model, and a plot
of the L h.s. versus the r. h.s. of either of the
above expressions provides a simple test for the

predictions of the model.
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Fig. 1. Conversion of solid versus time of

reaction for the shrinking core model.

This model is very attractive and is widely
used because its equations are simple and because
it is easy to test its predictions against exper-
ment.

Unfortunately, however, observations of real
reacting particles often show that the reaction
front between the virgin solid and the product
shell is not sharp and distinct but is rather
broad, even spreading across the whole pellet.
In the extreme case reaction occurs uniformly

the pellet as the homogeneous

throughout
reaction model® predicts.

Numerous models have been proposed to
account for these observations. Most of these
fall into two general classes: the porous pellet
model (Ishida and Wen®, Tien and Turk-
dogen®, Sohn and Szekely”® and Pigford and

Sliger®) and the dense pellet model (Park :nl



Levenspiell®).

The porous pellet model views that the solid
is initially porous and thus the gas penetrates
into and reacts with the reactant solid produ-
cing partly converted solid ahead of the growing
ash layer. On the other hand, the dense pellet
meodel views that the solid is initially nonporous;
cracks first form at the pellet surface and
penetrate into the interior; and as a result the
virgin core shrinks leaving behind a grainy
structure which then reacts away.

Fig. 2 illustrates these two types of models
and compares their wide reaction zones with
the sharp interface of the shrinking core model
and with the uniform reaction zone of the
homogeneous reaction model.

These two distinct mechanisms have in fact
long been recognized, and indeed there exists
much experimental evidence in support of each
mechanism. The reaction of pelletized porous
particles'” is a typical example for the porous
pellet model while a very slow reaction of
entrapped “islets” of wustite behind the shrin-
king virgin core of natural dense iron ores!? 1314
supports the dense pellet model.

Although much more complex representations
are avaiable, in this paper we will only
compare the simplest of these two classes of
mechanisms: on the one hand, the grainy porous
pellet model of Sohn and Szekely”® for the

recdout
product

N\

Shrinking core
model

Grainy porous
pellet rmode
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reaction of porous solid; on the other hand, the
crackling core model of Park and Levenspiel'®
for the reaction of dense solids. These are both
two—parameter models.

We will characterize explicitly their different
predictions. This will allow a future worker to
make simple tests to tell which of these models
best fits system.

It is felt that these models will be useful as
the first practical extensions of the simple

shrinking core model.

Mechanism of attack and
conversion expresions

To visualize the mechanism of attack, let a
spherical pellet of solid B of radius R be im-
mersed in gaseous A of concentration Ca, let
external heat and mass transfer resistances be
negligible, and let the pellet be isothermal
throughout the reaction process.

Grainy Porous Pellet Model

Sohn and Szekely™® visualize the pellet as
porous and consisting of grains of uniform size
and shape. The mechanism of attack is viewed
as follows:

1. Gaseous A first diffuses through interstices
between grains into the pellet of eflective
diffusivity D attacking each of the grains
of radius r,, r;<R, according to the shrin-
king core model.

e
PCriis!

//'converskJn

Crackling core
modal

Hemogeneous
recction model

Fig. 2 Comparison of the reaction zones predicted by varicus models.
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2. At time ¢, the ash layer first forms on
the external surface of the pellet. The ash
layer broundary moves into the pellet giving
complete conversion of the pellet at time «.

3. The solid structure is macroscopically uni-
form and is noz affected by the reaction.

4. The rate of attack of the grains is first

order with respect to gaseous reactant.

Fig. 3 then illustrates the different stages

through which a pellet passes according to this

model.
Completely converted
Partially converted
Fresh [ . Completely
peilel =2 (Fei = ¢ =>> converted
T solid
1<z L <t<T
A
& L\_/ F/
—_— =3 —_— )
R R 0] R

Fig. 3 Progressive stages in conversion of a pellet
for the grainy porous pellet model.

The time scales = and 7, are two indepen-

dent parameters for this model; however, in
order to elucidate the mechanistic view-diffusion
and reaction within the pellet-Sohn and Szekely
introduced a Thiele modulus like parameter o

defined as follows: for reaction control in grain,
Tk
oecR/ K @

for ash diffusion control in grain,

oxR

7
D ()
in which D’ is the effective diffusivity of
reactant gas in the ash layer of the grain.
Unfortunately, the analysis for this model is
not amenable to analytic solution and requires

a computer generated numerical solution. With
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some reservation, however, Sohn and Szekely”®
recommended a method of obtaining approximate
working expressions. Thus if z; is the time
required for complete conversion if the conver-
sion of the conversion of grains were infinitely
fast, we have
t=r,tra=r ol (6)

The ratio of times w may be defined for this
two-parameter model as a working parameter
along with ¢,:

T4 o?

: T 1 @

The approximate conversion-time expressions

w=

then are given for spherical pellet-spherical
grains as follows:

For reaction control in grain:
Lz1-0) U-1-X¥9)
+oll-31-X)*3+2(1—-X)] (8
For ash diffusion control in grain:

L=1-301-X)2(1-X) ©

Whether these approximations are satisfactory
for all practical conditions is still uncertain and
not yet clearly justified. One might notice here
that Eq. (9) is identical to Eq. (3) regardiess
of @, which is questionable. There is a current
need for a still simple but better method of
approximation.

Crackling Core Model

Park and Levenspiel'® visualize the pellet as
initially dense and practically impervious to
reactant gas but turns grainy or porous under
the action of gas. The mechanism of attack is
viewed as follows:

1. Gaseous A first attacks the outside of the
pellet causing cracks and fissures to form.
The attacking front moves steadily into the
pellet, and the unattacked core shrinks to
zero in time z,.

2. The solid left after the front passes consists

of a porous structure of grains which does



not restrict the passage of gas. Hence
reactant gas has a concentration C 4 throu-
ghout the cracks and fissures.

3. Each of the grains then reacts away with
gas according to the shrinking core model
with either reaction or ash diffusion control,
the time for complete conversion of grains
(or when the ash layer first forms on the
outside of the pellet) being z,.

4. The rate of attack of the virgin core and
of the grains is first order with respect to
gaseous reactant.

Fig. 4 then illustrates the different
through which a pellet passes according to this
model. Note that when r,.>7, the grains at the
surface of the pellet are completely converted

stages

before the attacking front reaches the center of
the pellet, and consequently for part of the
time three distinct composition zones are present
in the pellet : an inner virgin core, an outer
completely reacted shell, and in between partly

reacted solid.

" Initiation Stage Propogation Stage Termination Stage
1<7g, e e<t<Ty T <I<T+7

for 7, <7g

Frash : S Complelely
Tesh s 1) R4 converted
pellet 7§ XX =>solid when

tz L+ 2

Ca
R R
+
I
1-X
R o] R
Fig. 4. Progressive stages in conversion of a

pellet for the crackling core’ model.

.

Reflection also shows that the time for com-
plete conversion of the pellet will be time
needed for the attacking front to reach the
center of the pellet plus the time for that grain
to be converted, or

t=1,41, (10)
where, in the absence of diffusional resistance,

7. is expressed by Eq. (1). Thus,

rcocm (11

The time scales 7, and 7 are two
parameters of this model, or equivalently Park

independent

and Levenspiel use the ratio of these times w

defined as

be —

z‘i;. ky)
T Tet+ Ty (12)

o=

In some cases the attack of the virgin core,
whichis referred to as “crackling,” only in
volves a physical change; in other cases it
involves reaction to intermediate I of conversion
X;. Thus there are two possibilities, first the one
reaction version of the crackling core model

physmal_) +gas

Bnonporous?hange B grainym—_)sgrainy
core

(X=0) (X=0) attack (X=1)

(13)
and then the two reaction version

__H-gas ) +gas .

Buonporoms chemical 8™ shrinking_)Sg’“"y
attack corek

(X=0) (X=x;) ¥ (x=1)

(14)

in which the intermediate conversion X; is
determined from the known stoichiometry of
the two step reaction. For example, in the
gaseous reduction of Fe3;O;, FeO appears as an
intermediate product. For this two step reaction
the stoichiometry indicates that a fourth of the
oxygen is deleted in the crackling stage, or
X;=0.25:
CO,H, CO, H,
Fe;0y— ——>FeO———Fe (15)
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(X=0) X=X;=0.25) (X=1)

Exact analytical expressions have been obt-
ained for the conversion-time expressions for
various pellet-grain geometries (Park!®). Table
1 displays these for spherical pellet-spherical
grain. Since the expressions are algebraic much
like those for the shrinking core model, and
since these are explicit with regard to conversion
X, predictions with this model for macroscopic
events such as performances of reactor, optimum

design, etc. will be simple as well.
Comparison of the models

Some essential features of the two-parameter

models are summarized and compared with
those of the shrinking core model in Table 2.
Let us consider this.

Graphical Represeetation.

Fig. 5 illustrates typical con-versiontime curves
and the regions where the curves belong (shaded

area) for these models. For the grainy porous

1.0

l 1
C.81— -
0.6 /™~ gsh diffusion control
e shrinking core model,
X i B (3)
0.4 grainy porous peilet  —
mode!l, Eg.(8),(%)
0.2 reaction control shrinking
’ core model, Eq.(2)
| 1 | i
0 02 04 06 08 1.0
’ t/ 7
(a)
Fig. 5.

pellet model (Fig. 5a) the approximate conver-
sion—time expressions (Egs. (8)and (9)) predict
that these curves lie between the two extremes
of the shrinking core model (Egs. (2) and
(3)), are always convex—up, and thus are not
of the
shrinking core model. The crackling core model

much different from the predictions

(Fig. 5b) predicts a much broader class of con
version—time behavior: convex-up curves, sig-
moidal curves with an induction-like period,
curves with a sudden initial jump, etc.

Sometimes the converstion—-time curve may be
used as a guide in choosing the proper model.
This will be discussed in detail later.

Exztreme Rehavior for w==0.

This extreme is approached either when the
conversion of grains is extremely slow or when
the diffusion (the grainy porous pellet model)
or the crackling (the crackling core model)
is very rapid. Here both of these models predict
the

pellet. Hence the time for complete conversion

uniform conversion of grains throughout

1O

0.8} —
crackling is much

slower than conversion
of grain

creckling core model

- -
“>crackling is rauch faster
than conversion of grain

1 l
04 06

t/T

|
0.8

1.0

h)

Typical conversion-time curves for the two-parameter models.

(a) The grainy porous pellet model. (b) The crackling core model.
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of pellet 7 becomes that for the complete

conversion of grains 7, and ths conversion-
time expressions are determined by the mech-
anism that controls the conversion of grains.
For the conversion-iime expressions for this
extreme see Sohn and Szekely”® and Park and
Levenspiel'®,

For the two reaction version of the crackling
core model the normalized time scale of Fig.
5b shows a sharp jump followed by a slow rise
to 100% conversion. However. ¢ can be so long
that all we observe is the sharp initial jump,
which on the real time scale transforms into a
steadily rising curve to X,;. Thus the crackling
core model can fit systems where the conversion
rises steadily to some limiting value which may

be considerably below complete conversion.

Extreme Behavior for w==1.

This extreme is approached when the conver-
sion of grains is very fast relative to either the
rate of gas diffusion into the pellet (the grainy
porous pellet model) or the rate of crackling
on the surfacs of virgin core (the crackling
core model). The reacting grains are then
confined to a very thin layer and the conversion
of the pellet is mainly controlled by diffusion
through the ash layer of the pellet (the grainy
porous pellet model) or by the crackling (the

grainy poreus pelle.
P ) N .
&/ model, T=a+tR

,c
ars
< |
~
(3%

anvarsion

rzaction control shriniing
core mocdel, 7=DbR

“. .

_—ash diffusion control shrinking
y core mogel, T= bRZ

© k hpmogeneous reaction mocel,

T.me for complete ¢

O andependent of R

e ey
Radius of petiet, R

Fig. 6. Effect of pellet size on time for complete

reaction for various models.

9

crackling core model). Thus in this extreme
the grainy porous pellet model approaches the
ash diffusion control shrinking core model
{(Eq. (3)) and the crackling core model appro-
aches the reaction control shrinking core model
(Eg. (2)).

Application to Stepwise Reactions.

The grainy porous pellet model provides no
mechanistic view for stepwise reactions while
the crackling core medel does. It can be shown
that many industrially important multistep
reactions of solid particles may, for all practical
purposes, be reduced to the two reaction version
of the crackling core model.

Effect of Pellet Size.

In both models the time for complete conver-
sion of grains 7, is assumed to be independent
Thus from Egs. (4), (5) and
(6), and from Egs. (10) and (11) we obtain
the following relationships for the effect of

of pellet size.

pellet size: For the grainy porous pellet model:

t=r,F10°=a+bR? (16)
For the crackling core model:
r=1g+7.=a+bR an

Fig. 6 illustrates and compares these different
predictoins with those of the shrinking core

model and the homogeneous reaction model.
Use of the models

When one has a gas—solid reaction system
and when then the simple predictions of either
the shrinking core model or the homogeneous
reaction model fail to fit the system, one
should try these two—parameter models. We will
show in the following which of these models to
choose to best fit the system and then how to
fit the data with these models.

Selection of a Model.

This should be determined mainly by experi-

mental observations. Thus if the solid is initially

HWAHAK KONGHAK Vol. 15, No. 1, February 1977
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rather porous and the structural change due to
reaction is rather mild, the grainy porous pellet
model should be tried; on the other hand, if
the solid is rather dense and a vigorous
structural change occurs upon reaction, then
one should try the crackling core model.

Unfortunately, there is not likely to be a clear
cut criterion concerning the denseness of the
reactant solid or the vigorousness of the struc-
tural change. Indeed sharp crackling fronts
have been observed even in porous pellets
which, initially consisting of large grains of
dense reactant solid, then crackle away to leave
fine grains behind, see the micrographs by Kor!®
for example.

A rather sensitive way to quantitatively diffe-
rentiate between these two models may be first
to best fit the data for each model as described
in the following and then to see which of the
predictions on the effect of pellet size (Egs.
(16) and (17)) better fits the experiment.

Also whenever an S-shaped conversion-time
curve is obtained the crackling core model
should be tried. It is the only model to date
which can account for such induction-like
behavior.

Fitting Data with the Medels.

To fit these models to data one must choose

+\+
+
W7 1-W
\
+

W
e ———p
N
AN

N
~
3
| +
e - il .
R? R
(a) (b)
Fig. 7. Verification that the size dependency is as

predicted by Eq. (15) or (16)
(a) The grainy porous pellet model.
(b) The crcakling core model.
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7, and o for best fit using conversion versus
time data for different sizes of pellets. This
would be a simple matter requiring a one
dimensional search for o if 7z, is accurately
known experimental data with very fine particles
for which @ approaches zero * Otherwise trial
and error fitting must be used'¥. Thus, 1) first
assume 7,5, 2) find w for each pellet size, and
then 3) check whether the size dependency
agrees with the prediction of the model.
However, since the time for complete conver-
sion is usually uncertain and since the predic-
tions of all models could well break down in
this regime due to sintering, occlusion, etc.,
it is suggested that one use the following
equivalent expressions for the size dependency:

For the grainy porous pellet model

© T pe (18)

1w Tg
For the creacyling core model

O TR (19)

1-e0
after fitting the data
to find ¢ and w, one should check whether Eq.
(18) or (19)is satisfied.

Fig. 7 illusrattes how,

Extensions to three
parameter models

Through the preceding comparisons and
discussion it has been shown that in their
respective phenomenological view and extreme
behavior these models represent two distinctly
different extensions of the simple shrinking
core model: thus, the grainy porous pellet
model is an extension to the ash diffusion control
shrinking core model and the crackling core
model is an extension to the reaction control
shrinking core model.

These models also have their respective exte
sions to three parameter models. These are the

varying—diffusivity porous pellet model of Ishida



and Wen® (itsmetallurgical engineering version
has been developed by Tien and Turkdogen®) as
an extension to the grainy porous pellet model
and the diffusion—influenced crackling core model
as a possible extension to the crackling core
model.

Ishida and Wen® view that the effective
diffusivity through the ash layer is different to
that through the partly converted solid. On the
other hand, the diffusio

core model views that the sharp crackling front

—influenced crackling

still exists but the passage of gas through the

crackled laver is retarded by diffusional resi-

stance.
These multiple parameter models hased on
more detailed mechanistic views, however,

“introduce an additional parameter which is
usually to be found by data-fitting, and "thus
are hardly useful for practical purposes. In fact,
conversion versus time data obtained from a
limited set of experiments are usually not
sensitive enough to justify these multiple

parameter models and indeed it has bees repea-

tedly mentioned that simple models can equally

well fit the data as more complex ones.

Table 1.

11

Conclusions

Two-parameter models and their predictions
are compared for the reaction of solid particles.
The grainy porous pellet model of Sohn and
Szekely should be good for porous pellets with
little structural change upon reaction. It predicts
practically the same conversion—time behavior
as the simple shrinking core model (see Fig.
5a), it predicts a size dependency given by
t=a-+bR? and it can account for a broad
reaction front in the pellet, all the way from
homogeneous conversion to ash diffusion control
shrinking core.

The crackling core model of Park and Leve-
nspiel should be useful for the reaction of dense
solid particles which undergo a vigorous struc-
tural change upon reaction. It can account for
both S-shaped and the ordinary convex-up
conversion versus time curves (see Fig. 5b),
it predicts a size dependency given by r=a+5&R,
it can account for multistep reactions of solids,
it can fit data where the conversion rises
steadily up to some intermediate conversion,
often far below complete conversion of solid,
and it can account for a broad reaction front,
all the way from homogeneous conversion to

reaction control shrinking core.

Conversion expressions for the crackling core model

(Spherical pellet-spherical grain)

Reaction Control in Grain

Initiation stage: 1—X=1(— % ;—) 34 wgl(l—}g(u))T

~&a-Dra-ws-t-o-1HT+ H1-0)0- 1-0--1)9]

(<, )

Propagation stage:

First form:

(r.<e<ty) —(1—w—

Second form:1—X= (1—-1_ L)
w T

1 t
Ly dra-Los-
s U=X(=0) (31

Sa-Iyra-ei-a-e—t9

1-x=—0=X) 8-ty pa-Ly--o-Ly-Sa-Lora-Lys

(1-0~-5))

Tr-fa-w a-Ly
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(r,<t<7,) + % (1~w)?]

(1 X)(1—~)6

Termination stage: {_y—._~ " <
20w3(1— w)3

(g vt <7,+7.)
Ash Diffusion Control in Grain

Initiation stage:

1-X= (1~ 434 U=X0U=0) 10,

(t<te 7o)
Propagation stage:
First form: 1—- ==X ) -0 ——[Z(y) ]2
(2.t <1p) (1—X)¢
o . 1—X=(1— 1— 3 ¢ 13 ¢
Second form: 1-X=(1 )3—|— ——703_~_. [3_(1_7)2__14_(1_60)(1_?)
(r,t<r)
Bga—wﬂ

Termination stage: 1—X= ~W—M~EZ NN
(7t <t<tptz)

where
Z(y):(1——5—)2(3y5———1§{;‘y5)+(1—m)(1—«»5_—)(83'9—% 083+ (1—w)2 (65— 288 yn
189 189 yio_1g49)
y== dummy variable
Ys= %JrCOSL;‘ii; —Cos‘l[ (—) 1], 0<l,<x
Yo== %%—cos fot+ ; Go=cos™ 1[ (;;—w) —-1], 0<by<z
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