ym = amount of adsorbate which may be adsorbed in
a monolayer on catalyst surface, moles/g. cata-
lyst

Z = distance along reactor length, cm.

Greek Letters

8 = increase in the total number of moles in the sys-
tem per mole of substance A reacted = [(r +
s+ ...)—(a + b + ...)]/a for reaction aA +
bB+ ...=rR + s§ + ...

6 = void fraction of packed section of the reactor, di-
mensionless

040w,z = fraction of catalyst monolayer covered with
ethanol, water, and ether, respectively, dimen-
sionless

8y = fraction of vacant catalyst sites in monolayer, di-
mensionless

ka-kw,kg = adsorption rate coefficients for ethanol, water,
and ether, respectively, moles/min. g. cat. atm.

k—ak—wwx—g = desorption rate coeflicients for ethanol,
water, and ether, respectively, moles/min. g. cat.

pa-pw.pe = rate of adsorption of ethanol, water, and
ether, respectively, moles/min. g. cat.

pe = bulk catalyst density, g. cat./cc. reactor

pm = molar density = P/RT, moles/cc.

pva = density of liquid ethanol feed, g./cc.
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Stability of Adiabatic Packed Bed Reactors:

Effect of flow variations and coupling between the particles.

JOHN W. VANDERVEEN, DAN LUSS, and NEAL R. AMUNDSON

University of Minnesota, Minneapolis, Minnesota

A simple cell model is used for the determination of necessary and sufficient conditions for
the stability of an adiabatic fixed bed reactor. These conditions are stronger than those ob-
tained by considering only a perturbation of a single particle. Because of the nonuniqueness
of the steady state profiles certain pathological effects con occur when the flow rote of the
reactant is changed. Geometric coupling between the particles and heat transfer by radiation
give rise to further complexities. Examples are given in which the trends predicted by the
models have been observed experimentally by Wicke and Frank-Kamenetskii.

In the last decade a great deal of effort has been ex-
pended in an attempt to characterize the behavior of fixed
bed reactors. This problem is of practical importance
since an increasing number of industrially important re-
actions are carried out in fixed and moving beds, and a

Jobn W. Vanderveen is with Phillips Petroleum Company, Bartlesville,
Oklahoma, and Dan Luss is at the University of Houston, Houston, Texas.
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number of papers dealing with both theoretical and ex-
perimental results have appeared.

This study is based on earlier work (5) in which a
simple continuous model of an adiabatic reactor with the
reaction A - B showed the significance of the transient
behavior of the bed. It was demonstrated that each
catalyst pellet could, under suitable conditions, exist in
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either of two stable states. As a consequence, the steady
state temperature and concentration profiles for the bed
were not uniquely specified by the steady state equations.
This analysis was extended to cover the nonadiabatic case
(6) and the case in which there is extensive back mixing
(7) as characterized by a Fickian model.

Deans and Lapidus (2) described fixed beds by an
array of two dimensional mixing cells. The advantage of
this model is that it reduces the time of computation
especially if one includes the effect of axial and intra-
particle diffusion. McGuire and Lapidus (8) used such
a model to investigate numerically the transient behavior
of a catalytic reactor. Much machine.time was required
for the transient computations, and it was found that the
system is strongly model dependent.

In this work a simple cell model will be used to de-
scribe the bebavior of fixed beds by neglecting the effect
of radial mixing, The model will enable us to determine
necessary and sufficient conditions for the stability of the
whole bed. These conditions are stronger than those de-
veeloped in (5) in which the effect of transient changes
in the reacting phase was not included in the analysis. A
simple graphical marching technique is developed which
enables one to determine the temperature profiles in the
bed for the case of simple reaction kinetics. The transient
computations show some interesting effects when the flow
rate of the reactants is changed. Some of these trends
have been observed experimentally by Wicke and co-
workers (9 to 12). Refined models with more coupling
between the cells are investigated and compared with the
simple model.

SIMPLE UNCOUPLED CELL MODEL

This model assumes the bed to be composed of a series
of layers of cells, the cells being connected by the inter-
stitial fluid stream. A schematic description of cell j is
given in Figure 1. The thickness of each cell, 4D, de-
pends on the structure of the bed. Most computations
were done for a rhombohedral arrangement for which
n = \/2/3. The reaction is assumed to be first-order and
irreversible, A - B. The same notation as in the previous
papers (5 to 7) will be used.

The mass and heat conservation equations for the fluid

M= G - H 3221”85"""' (5)
Pmkya,wD, 2D, 6 ky
GCf Hr k
s@nDy 7D hy
o = €pf Ekf s
kg ay, Pm a, hy
D, app Dy pscs
ag = —— —— Y = —
6 m kg 6 hf
subject to the inlet conditions
te = te(o)
(6)
Pe = pe(8)
and to the initial conditions
Pi = Pio
tjzjo 0=0,f=1,2,...,n (7)
Ppi = Ppijo
tp; = tpjo

STEADY STATE DETERMINATION

The steady state equations are:

M(pj-1—pj) = pi— pei (8)
H(ti—1— 1) = t;—ty; (9)
Pi— Poj = ki Po; (10)
ti— tpi = Bkjpps (11)

where 'k; is of the form
kj = ko exp ('—‘ AE/Rtp])

By summing the first j equations an overall energy
balance is obtained:

H(tj”—te) = IBM(Pe'_Pj) (12)
We define fnax to be the temperature for which p; = 0
to obtain

and the particle in cell j are H (tmax — te) = BMpe (13)
d then Equations (12) and (13) can be combined to give
M(pii—p) = (pi—po) =t (1)
Pi-1=—Pi Pi— Poi 1 de H(tmax - tj) = BMPI (14)
dt: Equations (10) and (11) can be used to eliminate py;
H(ti-1—t;) — (t; — tp;) = ay—— (2) and by use of Equation (14) one obtains, exactly as for
dg the continuous model, the condition
dpy; C— t;
Pi— Ppi— ki ppi = 83 dom (3) Q,:%:t‘”_t;))__—. 8 = Qu (15)
max — ¥j
dty;
tj— to; + Bk; oy = a4 d;J (4)  Wwhere
ks
where 1= Tk
Equation (15) enables one to determine the possible
t values of ty; for a given value of f; from the intersections
— — between the Q; and Qy curves. It has already been shown
P, P; (5) that all the straight lines Q; pass through a common
! point, S, at #; = tmayx for which Q; = M/H.
b t In order to determine graphically the change of tem-
-t L perature with j the following method can be used. Equa-
tion (9) can be rearranged to read
Pj
H {ty;—ti—1) =1, t (16)
L (ty—tiq) =ty — 1
Fig. 1. Schematic of a simple cell. H+41 we " !
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By writing Equation (14) for j and j — 1 one obtains
tmax — & _ Pi _ M
pi-1 M+

Thus, by multiplying Equation (15) by M(M + §;) 1
and use of Equations (16) and (17) one obtains

M ty— i Mg,
THA L e — 1 M+ 5
Thus, all the Q;* lines must pass through a common point

M
H+1

A simultaneous use of the Q; and Qg curves with the
Qr* and Qu”® curves enables one to determine the tem-
perature profile by the following graphical marching
technique. (See Figure 2).

1. For a given t;—; determine by use of the Q;* and
Qu* curves the value of t,;, say b.

2. Determine from the Qy curve the value of 8; for
tyi = b, say c.

3. Draw a straight Q; line through the points S and ¢,
to determine the value of ;.

When multiple intersections occur between the Qp and
Qur curves this procedure can be used to determine all
the possible steady states. However, transient computa-
tions are necessary to determine which of these possible
steady states will be obtained from a given initial condi-
tion. Stability considerations can be used to reduce the
number of possible steady states.

(17)

tmax — tj —~1

Qr*

= Qu* (18)

§* for which ¢, = tmax and Q;* =

STABILITY ANALYSIS

For the continuous model (5) necessary and sufficient
conditions for stability of each particle in the bed which
neglect the effect of disturbances in the gas are

14+ k—Byiki>0 (19)

where
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Yi= Poigg

and

Hpsc
il A | (20)
MprfaSj

Condition (19) can be rewritten as

dQr S dQu
dty; dty;

and condition (20) is usually implied by the slope con-
dition (21) for gas-solid systems.

With the cell model one can determine necessary and
sufficient conditions for stability of the whole bed in-
cluding the gas. Let us define

Xj = Pij— Pis
Y =ti—tis (22)

Wj = Ppj — Ppis
Bj = tpj— tpjs

(21)

where the subscript s denotes steady state conditions.
By linearizing the transient Equations (1) to (4)
around the steady state one obtains

ch—Bx (23)
de
where
XT = [x1, Y1, W1, 215 - « + 3 Xny Y Wy Zn]
[ A, O 0 )
D A, O 0
B=|0 D A 0 .
) 0
L 0 0 D A,,J
a00. 0)
0ao0. 0
C =
0
0 . 0a]
a 0 0 0 )
| 0 & 0 o0
8= 0 0 a O
0 0 0 a]
—(1+ M) 0 1 0 \
A= 0 —(1+ H) 0 1
a 1 0 —(14+ k)  —vks
0 1 Bk;  —(1—v;Bk;) ]
M 0 0 0
0 H 0 0
D=1o9 0o o o
0 0 o0 0 (24)

A necessary and sufficient condition for stability is that
all the eigenvalues of

det (C-1B—A1) =0 (25)
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have negative real parts. Due to the special form of the
matrices ¥ and C, rquation {25) can be rewrntten as

H det (a= 1 A; — L) =

i=1
:[-‘[(>\4+b,-1 N+ by A2+ bjgh+ b)) =0 (26)
i=1
where
1+M 1+H 1 1
bjlz + + — +'—+—_
a4y as as a4
a
(1+—4kr—ﬁwk1‘) (27)
as
14+ k— By k; 1+M a
by = A Aty + [(1+k1_—iﬂwka')
az Qg a; as s
1+ H)a 1
_<1+ ( )61 )_
A+Mya/ 1+M
1+H H
ay as az 4
8 r H M )+ k;
by = (1 + kj—viBkj) P P a1datts

M(1+H)——Zf(1+M)

_ Bk
aol3dy a1a2a3
1+H a
JUEMOAI (8 k) (29)
a10:a3 as

by = —=—— {[H(1 + k) M + k;]
A1Q903a4
— (H +1) M By;k;}  (30)

According to the Lienard-Chipart criterion .(3) the
eigenvalues of Equation (26) will have negative parts
if, and only if

by >0 ) (81)
by >0 (32)

bj1 bigbjs > b2 bjs + b%s (f=12,...,n (38)

bjy >0 (34)

7

For gas-solid systems as/as >> #1. Hence it can be
easily seen that if the slope condition (19) is satisfied, so
are conditions (31) and (32). If the values of the by’s
are substituted into condition (33) an extremely compli-
cated expression is obtained. It was not possible to show
that the other conditions imply that this condition holds
in practice.

Condition (34) can be rewritten as

1 >H+l AE kM
Bpp; H  Rt%; M(1+kj) +k;

It is easily verified that condition (35) can be rewritten
as

(35)

or as
oy H+l( M\ dQu 1)
diy; H \M+8§7 dty,
It
H+1 M )3>1 (38)
H \M+s,

then condition (87) is stronger than the slope condition
(21). M and H are usually of order one, while 8; is al-
ways smaller than one. Thus, condition (38) is usually
satisfied at low temperatures for which §; << 1. At high
temperatures for which & ~ 1 condition (38) is usually
not satisfied and the slope condition (37) is no longer
sufficient for stability. If condition (88) is not satisfied
the slope condition is stronger than the condition (37).
Thus, the coupling effect of the flow of the gas stabilizes
the bed. However, if condition (38) is satisfied, the gas
flow tends to destabilize the bed.

NUMERICAL SOLUTION OF TRANSIENT EQUATIONS

For the case in which there are three intersections be-
tween the Qr and Qir curves, one must solve numerically
the transient equations to determine which of the possible
steady states will be obtained.

One of the important advantages of the cell model, if
it is applicable, is that the transient equations can be
solved faster than for the continuous model used earlier
(5), since computations are by a straightforward march-
ing technique while the cell model requires a more com-
plicated method. A comparison between the two models
showed that use of the cell model reduces the time of
computation by a factor of about twenty with the same
method of integration. The time of computation on a
C.D.C. 1604 was about one-twentieth of real time and
use of the C.D.C. 6600 reduced this time by another
factor of twenty.

For purposes of comparison the same numerical ex-
ample considered for the continuous model was solved.
In terms of the dimensionless groups the system param-
eters were

k; = exp [12.98 — 22,000/t,;]
8 = 6,000 °F./atm.

2700

[=]
2
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=3
@<
=
«

2400

il
« o
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l [
g | (1
? ol ol R
g 1800 ‘,—;; l’ 8_ | ;g: § I|
& | . l '5: &I
| | !
1500 |~ |
| b
| L/
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3 . Fig. 3. Effect of initial temperature on the
__!"_ > H+1 ( M ) dS, (36) steady state temperature profiles (solid curve)
Bpui H M+ 8;/ dty; cell model, (broken lines) continuous model.
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H = 2.352

M = 3.919
M/H = 1.67
a4 = 1/5.45 min, (39)

Although the cell thickness was taken as \/2/3 D,
computations have shown that a 100% increase or de-
crease in the size of a cell has an almost negligible effect
on the position of the steady state profiles.

Figure 3 shows a comparison of the various initial bed
temperatures on the position of the reaction zone as’ com-
puted by the cell and continuous models. It is noted that
both models predict the same profiles for high initial
temperatures for which the reaction zone is near the inlet
of the bed. As the initial temperature is reduced the re-
action zones move downstream. For these cases the cell
model predicts that the reaction zone will be nearer to
the inlet of the bed. A similar effect was noted earlier
(7) when axial diffusion was included in the continuous
model.

EFFECTS OF CHANGES IN THE GAS VELOCITY
According to Wicke (11) the transfer coefficients in the

bed are a function of Re®$, while the height of a transfer.

unit is a function of Re®*. If we denote by u, the velocity
of the gas for the standard example parameters, then
changing the velocity to u will affect the parameters in

the following way
u \04
H = 2.352 (—)

Uo
_ 3919 H
T 2352
2.352 \13
kj = (T exp [12.98 — 22,000/%,;]
1 2.352 )"5
a4y = ——\ ——
545\ H (40)

Thus, instead of specifying the changes in the value of
the velocity, it is sufficient to define the resulting change
in the values of H.

A variation of the velocity affects the shape of the Qn
and Qn;” curves and the location of the §* point. How-
ever, it does not affect the position of the § point, since
the value of M/H is independent of variations in the gas
velocity. Thus, it is clear that changes in the gas velocity
may have a very important effect on the profiles of the
various possible steady states.

Figure 4 describes the simplest possible case where
each particle has a unique state in the given range of

200
tg = 1200°R , p; = 007 otm.

8OO}

1600

1400

PARTICLE TEMPERATURE , °R

AXIAL DISTANCE , ft.

Fig. 4. Effect of different gas velocities (dif-

ferent values of H) on the steady state pro-

files for the case that each particle has a
unique ‘steady state.
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Fig. 5. Transient temperature profiles due to
variation of gas velocities (changes in H) for
a case in which all porticles have a unique
state.

velocities. In this case the graphical procedure illustrated
in Figure 2 can be used to determine the steady state
profiles. Low velocities (low values of H) shift the re-
action zone towards the inlet of the bed, while high ve-
locities shift the reaction zone out of the reactor causing
a blow out.

Figure 5 shows transient changes in the temperature
profile due to a disturbance which lasted 10 min. in the
gas velocity (shown by changes in H). It is seen that as
the velocity is decreased (H changes from 2.25 to 2) the
reaction zone moves towards the inlet of the bed. As the
velocity is changed back to the original value the reaction
zone returns to its original value as expected. As the ve-
locity is increased the reaction zone is blown out of the
bed and when the original value of the velocity is re-
stored, so is the position of the reaction zone. Thus, for
this case the transient disturbances in the flow velocity
do not affect the final steady state.

An important transient phenomenon is that as the re-
action zone moves downstream (see curves for 16 and 20
min.) the maximum temperature exceeds the maximum
steady state temperature rise by more than 100 deg. This
phenomenon may be important if the catalyst is sensitive
to high temperatures. Such transients have been observed
experimentally by Wicke and coworkers (9 to 12).

A more complicated case occurs when some of the par-
ticles have nonunique steady states for the given range or
velocities. As was shown in Figure 3 under such condi-
tions the reaction zone may occur anywhere in a certain
range with the initial conditions determining the location
of the reaction zone. Thus a temperature profile could be
one of the many possible steady state profiles that arise
from various velocities and initial temperatures. This
condition is demonstrated in Figure 6 in which steady
state profiles for various velocities (values of H) and two
different initial temperatures are shown. Note that the
temperature profile for H = 8.25 and f,; = 1,200°R. is
very close to that of H = 4, #; = 1,500°R. Thus, changes
in the velocity of the gas may or may not cause a shift
in the position of the reaction zone. Moreover, as will be
shown later, the effect of velocity may be irreversible. For
example, a decrease in the velocity may shift the reaction
zone downstream, while an increase in the velocity may
not affect its position. The opposite effect may also occur.

It is seen from Figure 6 that an increase in the initial
temperature tends to decrease the range of velocities for
which the reaction zose is not shifted towards the inlet or
blown out. For t,; = 1,200°R. this occurs for 1.5 < H <
3.25, while for t,; = 1,500°R. this occurs for 3 < H < 4.

Figure 7 shows the effect of variation in the velocity of
the gas on one of the possible steady states shown in
Figure 3. In both cases the velocity was changed from its
steady state value and then restored to its original value.
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velocity on the steady state temperature pro-
file for a case in which all particles have a
unique state.

It is seen that as the velocity is decreased (H changes
from 2.352 to 2) the reaction zone moves upstream. As
the velocity is restored to the original value, the reaction
zone remains in the new position and does not move
backwards. However, an increase in the. velocity so that
H changes from 2.352 to 3 does not change the position
of the reaction zone. As the original value of the velocity
is restored (H = 2.352) the original steady state profile
is obtained. It is clear that for such a case small random
fluctuations around the average velocity may move the
reaction zone towards the inlet of the bed.

Figure 8 shows a case in which an increase in the ve-
locity shifts the reaction zone downsiream until blowout
occurs. However, a decrease in the velocity does not shift
the reaction zone upstream. Hence, when the velocity was
restored to the steady state value, the original profile was
obtained. For such a case small fluctuations around the
average velocity might shift the reaction zone out of the
bed.

COUPLED CELL MODELS

In the previous model it was assumed that the trans-
port of energy between the catalyst particles was only
through the medium of the external fluid which moves
only in the downstream direction. In this section we will
determine the effect of coupling between catalyst particles
on the steady state profiles. Physically such coupling may
occur geometrically; that is, the front and back of the
particles form the boundaries of two different successive
cells, or from energy feedback in the form of radiation.

In geometric coupling one half of the external area of
the catalyst particles is assigned to each of the mixing
pockets that contact it. A schematic diagram of the model
is shown in Figure 9.

With the small capacitance terms a; a; a3 neglected the
system of equations is

AXIAL DISTANGE . f1

" Fig. 7. Transient temperature profiles due to
Fig. 6. Effect of initial temperature and gas variation of gas velocities for a case in which
some particles have a nonunique state.
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Fig. 8. Tronsient temperature profiles due to
variotion of gas velocities for a case in which
some particles have a nonunique state.

Pi = Pe
t=t,
and, by convention, let
PpN+1 = Pon (45)

tp.N+1 = by
There is also the initial condition:
tpi(0) = tpj1

The system appears to be quite similar to that of the

uncoupled model. However, it can be shown that a back-
mixing effect is induced by the coupling,

Define
- fimit 4
;= ———
i ) (46)
—_ - pi-1tp
Pi=——5 (47)

In exactly the same way as Equation (15) was de-
rived one can obtain in this case the relation

Q= ——2—L =3 (48)

where #max occurs when p; = 0.

The graphical analysis for this case is the same as for
the first uncoupled cell model except that an average
value of interstitial fluid temperature is the intercept on
the ,; axis.

Multiple steady state solutions can be shown to exist

for a range of values of the intercept #;. Because of the
coupling, however, it is not possible to extend the analysis
to obtain a second graphical solution. Consequently, there
is no marching graphical development of the steady state
profiles.

A simple perturbation in the particle variables alone

M(pj—s — P')—( Pt Pp.j+1) _ ON (41) gives the already familiar criterion for stability:
i ] i ‘——"'—'2
£AE )——k" <1 (49)
X . Pri r :
H(tj—y—t;)— (tj——————-———tm t+ ot ) =0 (42) B%; 7 1+ ki
2 for the steady state.
>7 = 1, 2, ,
-1+ P
ﬁ’T&_—(1+kj)ppj=o (43)
ti+1 + ¢ dtp
— tps + Bkipp; = 04}7 (44)
’ Fig. 9. A Schematic of a cell with geometric
Forj=0 coupling.
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Fig. 10. The transient behavior of a coupled

cell model (solid curves) compared to that of
the uncoupled cell model (broken lines).

When Equation (49) is combined with Equation (42),
one obtains after regrouping

(B pi-1+ P‘j)"> ds;
2 dtpj

This is readily interpretable as the slope condition for
the graphical analysis of the previous section.

If all the variables in the system are perturbed, a com-
plex stability matrix is obtained, this leads to extremely
complicated algebraic expression that do not have a
simple physical meaning, and do not uncover new infor-
mation of a general nature. In general the feedback of
heat and the forward feed of reactants should have an
opposing effect on the stability of the bed.

Several examples were investigated rnumerically to find
the basic characteristics of this geometrically coupled
model. Figure 10 compares the transient behavior of the
coupled cell model with that of the uncoupled cell. It
can be seen that the steady state for the coupled cell is
further upstream and is established much slower than
the steady state for the uncoupled cell model. During
the transient period one can note the occurrence of a
temperature profile which slowly creeps towards the in-
let. This behavior is characteristic of all coupled models.

Figure 11 shows the effect of the initial temperature on
the final steady state profiles for a case identical to that
shown in the example of Figure 3. The coupled model
predicts that the reaction zone occurs further upstream
than does the uncoupled model. Furthermore the coupled

(50)
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Fig. 11, Effect of initial bed temperature on
the steady state profiles, coupled model.
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model predicts that the zone in which multiple steady
states may occur is much smaller than that predicted by
the simple model.

The effect of changing the velocity was exactly the
same as that found for the uncoupled cell, except that the
response time was somewhat slower.

We consider now a mode] in which the catalyst par-
ticles are coupled by radiation. The sighting factor will
be assumed independent of position and the emissivity to
be independent of temperature. The last assumption is
somewhat doubtful and Chen and Churchill (1) reported
this property to depend on the type of packing. When
specific data is available it can be easily programmed into
the model. It is also assumed that the gas does not ad-
sorb radiation energy.

Under these conditions the radiation affects only the
energy conservation equation of the cell, which has the
form

ty—to; + Bk ppi + 1 (501 + Tpge1— 2t%))

dty;
a4 a0 (31)
¢Fa
1‘ T sme—
2 hy

The steady state equation for a given cell, §, becomes

toy— i — r{thp 41+ -1 — 2t%p;)

=3 (52)

H r
w (te—t;) + Bpe + 'M“ (Hp.+1— tpj)

Due to instantaneous transfer of radiation any change
in the assumed value of t,; will affect both #,;_; and
t,;+1. No simple graphical procedure to determine the
steady state is possible, therefore, the steady states have
to be determined by a numerical procedure.

In this case an asymptotic stability analysis of only one
particle is useless since an instantaneous transport mech-
anism is included in the model, and the effect of perturb-
ing the whole bed yields extremely complex algebraic
conditions with no simple physical meaning. Thus, no
general information can be obtained in this way. The
only apparant method for checking the stability of a given
steady state is by solving the transient equations.

It was found that the effect of radiation is to shift the
reaction zone upstream and to increase the time required
to reach a steady state. Figure 12 shows a typical transi-
ent behavior. After an induction period a temperature
profile of almost constant shape is established which
slowly creeps upstream until a steady state is obtained. In
this example the steady state is established near the inlet
of the bed. It should be noted that the maximum tem-
perature of the uptream creeping reaction zone is lower
than that of the steady state maximum temperature. This
phenomenon has been observed and explained by Wicke
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Fig. 12. Development of a steady state profile
for a cell model coupled by radiation.
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Fig. 13. The effect of increasing cellular in-
teraction on the final steady state profiles
and the time required to reach them.

(11). The occurrence of creeping profiles has also been
reported by Frank Kamenetskii (4, p. 347) for the cata-
Iytic oxidation of isopropyl alcohol.

Figure 13 shows the effect of increasing cellular coup-
ling on the position of the reaction zone. Curves A and B
in this figure are for combined geometric and radiative
coupling while C and D were obtained for the case with
no geometric coupling. The more pronounced the coup-
ling the more the reaction zone is shifted toward the bed
inlet and the longer is the transient period.

CONCLUSIONS

1. A simple cell model was developed which enabled
the determination of necessary and sufficient conditions
for the stability of the whole bed. These conditions are
different from those obtained by considering only the
effect of perturbing a single particle.

2. The effect of flow variation on the position of the
reaction zone has been investigated. Under certain con-
ditions this effect may be irreversible, that is, a decrease
in the velocity may shift the reaction zone upstream, while
an increase in the velocity will not affect the position of
the reaction zone. The opposite effect may also occur.

3. The effect of coupling between the particles by
means of a geometric structure or heat transter by radia-
tion has been investigated. It was found that increasing
the cellular coupling tends to shift the reaction zone up-
stream, increase the time of the transient behavior, de-
crease the zone in which multiple steady states can exist,
and cause the appearance of creeping profiles.
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NOTATION

a1,a2,03,04 = capacity terms defined by Equation (5)

a, = total surface area of particles per unit volume of
bed )

A,B,C = matrices defined by Equation (24)

¢; = specific heat of gas mixture

¢s = specific heat of particle

D = matrix defined by Equation (24)

D, = particle diameter

AE = activation energy

F = geometric sighting factor
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fluid mass velocity

ratio of H,/Dyn (dimensionless)

= HTU for mass transfer

= HTU for heat transfer

= heat of reaction

= film heat transfer coefficient
dimensionless reaction rate

mass transfer coefficient

reaction rate coefficient

ratio of Hy/9D,

average molecular weight of gas mixture
total pressure

partial pressure of reactant in gas

= partial pressure of reactant in catalyst
= initial partial pressure of reactant in catalyst
1 = heat dissipation function

b nanna

OFIT VI RRSTFEESEQ

Qn = heat generation function

R = ideal gas law constant

7 = radiation parameter

r = 1012 ¢

S; = surface area of catalyst per unit mass of catalyst
t = gas temperature

tmax = maximum temperature defined by Equation (13)
t, = particle temperature

t;( = fluid velocity

vector defined by Equation (24)

Greek Letters

a = void fraction of particle

B = (—aH) ky/hy

Y = pp AE/Rty®> -

8 = heat generation function, k/1 + k
€ = fractional void volume of bed

¢ = emissivity of the catalyst particle
1 = height of cell/D,

8 = time

A = eigenvalue

ps = density of fluid

ptp = density of fluid in particle

ps = density of solid

o = Stephan Boltzman constant
Subscripts

e = influent conditions

i = initial conditions

i = denotes cell number

s = steady state conditions
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