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Extensive simulations indicate that in most but not all cases the single- and two-phase
models predict similar dynamic behavior of a reverse-flow reactor, when catalyst pellet
multiplicity does not occur at any point in the reactor. Differences in the predictions are
found in some cases close to the dynamic bifurcation loci of a cooled RFR, or in others
when the qualitative dynamic behavior is very sensitive to the value of the parameters,
such as close to a transition to chaotic behavior. The two models can lead to rather
different predictions of the dynamic features when there are large differences between

the feed and coolant temperatures.

Introduction

A reverse-flow reactor (RFR) is a catalytic packed-bed re-
actor in which the flow direction of the reactants is periodi-
cally reversed to trap a hot zone within the reactor. Upon
entering the reactor, the cold feed is heated up regenera-
tively by the hot bed as the high-temperature (reaction) front
moves in the downstream direction. Before the hot reaction
zone exits the reactor, the feed flow direction is reversed.
The reactor is shown in Figure 1. The flow-reversal period t;
is usually constant and predefined and one complete RFR-
cycle consists of two flow-reversal periods. Quasi-stationary
behavior is reached after repeated flow reversals.

The RFR concept was first proposed and patented by Cot-
trell (1938) for the removal of pollutants. Frank-Kamenetskii
(1955) described the oxidation of isopropyl-alcohol to ace-
tone over a copper catalyst in an RFR. A patent for reduc-
tion of SO, in an RFR was issued to Watson (1975). Recent
applications and studies of RFRs have been motivated by its
successful application to SO, oxidation in Russia (Boreskov
et al., 1979; Boreskov and Matros, 1983; Matros, 1989). Ex-
perimental investigations include the removal of NO,
(Bobrova et al., 1988), syngas-production (Blanks et al., 1990),
methanol synthesis (Neophytides and Froment, 1992), the
catalytic destruction of VOCs (Nieken et al., 1994; van de
Beld, 1995), and catalytic oxidation of CO (Zufle and Turek,
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1997). An extensive review of the applications and studies of
the RFR was presented by Matros and Bunimovich (1996).
The input to the RFR changes periodically and an adia-
batic operation leads to periodic, symmetric states at which
the temperature (and concentration) profiles at the beginning
and end of a flow-reversal period are mirror images. We call
these states symmetric period-1 operation. Laboratory and pi-
lot-plant RFRs usually cannot be operated in an adiabatic
mode (Matros, 1989; Zufle and Turek, 1997). Moreover, in
some applications involving equilibrium-limited reactions
cooling is applied to avoid exceeding some critical tempera-
tures at which either undesired reactions or catalyst deactiva-
tion may occur. Various modes of RFR cooling were de-
scribed by Matros and Bunimovich (1996). Reactor cooling

catalyst
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I

Figure 1. Cooled reverse-flow reactor.
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Figure 2. Dimensionless temperature profiles of an RFR
before the flow direction switch for t=1,200
S.

7 =1 is the dimensionless flow-reversal period. (a) Symmet-
ric period-1 state; (b) asymmetric period-1 state; (c) aperi-
odic state.

may introduce some complex and rich dynamic features,
which do not exist in its absence (Rehacek et al., 1992, 1998;
Salinger and Eigenberger, 1996b; Khinast et al., 1998). For
example, under relatively fast flow-reversal frequencies the
symmetric states of a cooled RFR may become unstable and
either asymmetric or aperiodic states may be obtained. Aperi-
odic states may be either quasi-periodic, that is, in addition to
the flow-reversal period (forcing frequency) a second period
determines the over-all behavior, or chaotic. Examples of the
dimensionless temperature profiles, that is, T/T,, for these
three types of states are shown in Figure 2, where = =1 cor-
responds to one flow-reversal period. The differences in the
dynamic features are caused by changes in the dimensionless
cooling capacity A, defined by Eg. 3. Khinast et al. (1998)
recently developed a numerical method to predict the bound-
aries of parameter regions in which a single-phase model of a
cooled RFR has qualitatively different dynamic states (sym-
metric, asymmetric, and quasi-periodic motion).

A rational design, operation, and control of an RFR re-
quires use of a mathematical model to predict the dynamic
features of this forced periodic operation. A large variety of
mathematical models may be used to simulate the behavior
of a packed-bed reactor (Froment and Bischoff, 1990) from
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very simple to very detailed ones. State-of-the-art simulations
of a fixed-bed reactor use a two-dimensional (2-D) model that
accounts for axial and radial gradients. Use of this model in
the dynamic simulation of an RFR requires repeated integra-
tion of a set of 2-D parabolic partial differential equations
and an unreasonable computational effort. Thus, 1-D models
are generally used to simulate the dynamics of the RFR.
These include pseudo-homogeneous or single-phase models,
which do not differentiate between the solid and fluid phase,
and heterogeneous or two-phase models, which account sepa-
rately for the species and energy balances in the solid and
fluid phase. Single-phase models were used by several re-
searchers, such as by Eigenberger and Nieken (1988), Matros
(1989), Haynes et al. (1995), Nieken et al. (1995), Seiler and
Emig (1997), Khinast and Luss (1997), and Khinast et al.
(1998). 1-D two-phase models were used among others by van
de Beld (1995) and Kulkarni and Dudukovic (1996, 1997).
Even simpler models that describe the RFR in the limit of
extremely short flow-reversal periods or of a traveling wave
have been proposed and used (Matros, 1989; Nieken et al.,
1995) but are not discussed here.

It is well established that inter- and intra-particle transport
resistance may lead to steady-state multiplicity of catalyst pel-
lets. In such cases, the rate expression in the single-phase
model must include an effectiveness factor, which accounts
for the transport resistances and the potential multiplicity.
A-priori predictions of these effectiveness factors are simple
for a first-order reaction in an adiabatic packed-bed reactor
(Luss, 1976; Chang and Calo, 1980), but require iterative cal-
culations in the other cases (Wedel and Luss, 1984).

The temperature profiles in RFRs are affected by the mag-
nitude of the effective axial thermal dispersion. VVortmayer
and Schaeffer (1974) suggested that if the effective axial heat
conductivity of the single-phase model is chosen as

u?( pc,)’
ha,

v

/\ax=(1—e)/\s+/\g+ 1)

the predictions of the two and single-phase models will be
very similar. The third term in Eq. 1 accounts for the thermal
dispersion caused by the heat-transfer resistance between the
two phases. The above relation was derived under the as-
sumption that the temperature front moves at a constant ve-
locity of

e u( pcy),
€( pcp)g +(1-€)( pCp)S '

()

This expression for the front velocity is valid for a bed in
which no chemical reaction occurs. The velocity in a packed-
bed reactor may deviate from this value. For zero heat con-
duction in the gas-phase, Vortmayer and Schaeffer (1974) de-
rived another similarity relation, which is only based on the
assumption of identical second-order derivatives of the gas
and solid-phase temperatures. Chen and Luss (1989) derived
a similar relation for the effective axial dispersion. Their
derivation ignores the heat conductivity of the solid-phase A,
but accounts for changes in the front velocity from the pre-
diction by Eq. 2. Previous studies of packed-bed reactors
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Table 1. Parameters Used in the Simulations

a, 1,426.0 mgzurf/maeacl u 1ms

D 3-107% m’s € 0.38

ER 8,328.6 K AT,q 50 K

h 0.02 kw/m?-K A 0.0 kW/m-K

k., 9.85-10° 1/5 A 0.00026 kW/m- K
ke 0.115 m/s (pcy), | 0.6244 kl/m3-K
L 4m (pcy)s | 1382.0 kYm?-K
To=Ty | 323K

(Chen and Luss, 1989) suggest that the predictions of the sin-
gle- and two-phase model are rather similar when using the
effective heat dispersion predicted by Eg. 1 even in cases
where a wrong-way behavior occurs (transient temperature
increase upon a reduction of the feed temperature). How-
ever, the predictions are quite different if the temperature
front moves upstream. This uncommon behavior is usually
not encountered in reverse-flow operation in which the tem-
perature front and the fluid move in the same direction.

The main objective of this study is to determine if and un-
der what conditions there is a difference in the quantitative
and qualitative predictions of the RFR dynamics by the sin-
gle and two-phase models when catalyst pellet multiplicity
does not occur at any point in the reactor. Previous studies
revealed chaotic behavior of an RFR described by the two-
phase model (Rehacek et al., 1992, 1998). One of our objec-
tives is to check if this chaotic behavior can be predicted also
by the single-phase model.

Numerical Procedure

The single- and two-phase model of the RFR are well es-
tablished and described in the Appendix. The values of the
parameters used in the simulations are reported in Table 1.
The flow reversal period t; and the cooling capacity A, de-
fined as

ay, Uy L

A=—""t ®)

Cu(pcy),

are used as the bifurcation parameters in this study.
Previous simulations by Rehacek et al. (1992, 1998) and
Khinast et al. (1998) showed that cooling of an RFR can lead
to surprising stability and dynamic features. In general the
stability of periodic solutions is determined by studying the
spectrum, that is, the eigenvalues, of the monodromy matrix
M. The monodromy matrix describes the evolution of a small
perturbation over one period. A periodic solution is stable
when the absolute values of all the (possibly complex) eigen-
values of M are smaller than unity. When a single eigenvalue
A of the monodromy matrix crosses the unit circle in the
complex plane, the periodic solution becomes unstable. At a
limit point, such as an extinction or ignition point, one eigen-
value crosses the unit circle at + 1. The symmetric states loose
stability and become asymmetric when the largest eigenvalue
crosses the unit circle at —1 (Khinast et al., 1998). Quasi-
periodic states are obtained when a pair of complex conju-
gate eigenvalues crosses the unit circle. Period-q states
emerge when a complex pair of eigenvalues crosses the unit
circle exactly at the angle ¢ =2mp/q, where p and q are
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integers. Phase-locking makes the existence of period-q solu-
tions in the neighborhood of this exact bifurcation locus pos-
sible outside of the unit circle. Note, that for a large g, that
motion is very difficult to distinguish from a quasi-periodic
one. The monodromy matrices for both the single- and two-
phase models were computed by integration of the sensitivity
equations (see Khinast et al., 1998) and the eigenvalues were
computed by the algorithm RG in EISPACK.

We determine the periodic states of the RFR by the direct
computation approach first proposed by Gupta and Bhatia
(1991) for the RFR. In this method a set of initial tempera-
ture and concentrations profiles is found by an iterative
method such that these initial profiles are mirror images of
those at the end of a flow-reversal period, that is, by enforc-

ing
y(t=0,x)=y(t=t;,1-x), (4)

where y denotes the spatial temperature and concentrations
profiles. A Newton or quasi-Newton method is used to find
an initial profile y(t=0, x) that satisfies Eq. 4 after integra-
tion of the model equations over one flow-reversal period
y(t = t;), that is, a shooting method in time is implemented.
Clearly, only symmetric states satisfy Eq. 4. Asymmetric states
may be found by integration over two flow-reversal periods,
and period-n solutions by integration over 2n flow-reversal
periods. In contrast to dynamic simulation, which requires the
simulation of many flow reversals in order to converge to the
final quasi-stationary states, the direct method enables a very
fast and efficient determination of these periodic states. An-
other advantage of this method is that it allows for a direct
application of singularity and Floquet theory to the RFR.
Thus, the boundaries between parameter regions with quali-
tatively different bifurcation diagrams (Khinast and Luss,
1997) or different dynamic features (Khinast et al., 1998) may
be determined efficiently.

In our simulations we used the method of finite differences
to discretize the spatial derivatives and the DA-solver LIMEX
(Deuflhard et al., 1987) to integrate the resulting set of ordi-
nary differential equations. Use of Broyden’s method in com-
bination with continuation techniques and a global update
strategy enabled a very efficient numerical determination of
the bifurcation diagrams (describing the dependence of the
reactor states on an operating condition) and maps of regions
with qualitatively different types of bifurcation diagrams or
dynamic features. Details of the numerical method were pre-
sented by Khinast and Luss (1997) and Khinast et al (1998).

Dynamic Features of the Two Models

Extensive simulations were carried out to determine and
compare the dynamic features of the single- and two-phase
models. We used the axial thermal dispersion predicted by
Eqg. 1 in all the simulations. We examined mainly the impact
of the cooling capacity A and the flow reversal period t;. The
model parameters were chosen so that no particle steady-state
multiplicity can occur at any point in the reactor.

First, we constructed the loci of the limit points and of the
symmetry loss points of the single-phase model in the (A, t;)
plane (Figure 3) using the method described by Khinast et al.
(1998). The corresponding loci of the two-phase model are

February 1999 Vol. 45, No. 2 301



0.7

EXTINGUISHED
STATE
i. SYMMETRY
£ 05
g A
=3 SYMMETRIC
o PERIOD-1
= A STATES
g 0.3 | comPLEX
5] | BEHAVIOR
LIMIT POINTS
0.1 " L [ ) i L L 1 1
0 2000 4000 6000
t¢ [s]

Figure 3. Map of regions with qualitatively different dy-
namic behavior of an RFR.
Boundaries are shown in the A-t; plane.

very close to those of the single-phase model and the differ-
ence between the two cannot be clearly shown on this graph.
The cooled RFR has a nonextinguished state in the region
bounded by the limit point locus. Clearly, only extinguished
states exist outside this boundary for a high cooling capacity
(reaction cannot be sustained) or flow-reversal period (tem-
perature front exits the reactor). The RFR attains nonsym-
metric and complex dynamic behavior in the region bounded
by the symmetry-loss locus. We conducted extensive simula-
tions in this parameter region, as the behavior in this region
is more sensitive to the parameter values.

In order to focus on interesting parameter values we con-
structed the bifurcation diagrams of the symmetric states for
both models (Figure 4) and determined the bifurcation points
at which these become asymmetric (symmetry loss bifurcation
points, denoted as SL) and quasi-periodic (quasi-periodic
asymmetric bifurcation points, denoted as QP-AS). The bi-
furcation diagrams describe the dependence of the maximum
RFR temperature ®,,, of the symmetric states on the cool-
ing capacity A for three different flow-reversal periods t;. In
addition the figure shows the branches of the asymmetric and
quasi-periodic states, which exist for t; =600 s and 1,200 s.
Such states do not exist for t; = 2,400 s. These branches are
shown only for the single-phase model as the branches of the
two-phase model are very close and the difference cannot be
shown on this graph. Desirable, stable high-conversion states
exist only on the high-temperature branch. These high-con-
version states exist for all cooling capacities smaller than that
of the extinction point at A = 0.7. For higher cooling capaci-
ties, only an extinguished state exists. A stable extinguished
state (O, = 1.02) exists for all cooling capacities. The states
on the intermediate branch are always unstable. The extin-
guished and intermediate branches emanate from a limit
point for which the cooling capacity is negative. Clearly, states
with negative cooling capacity have no physical meaning and
are of no practical interest.

In general, the bifurcation diagrams of the periodic states
of the single-phase (solid lines in Figure 4) and the two-phase
model (open circles) are very similar, even at high cooling
capacities. The agreement seems to be better for the shorter
flow reversal periods. The main difference between the two

302 February 1999

Vol. 45, No. 2

22

1.8 1

22

1.8

®max
N
N

T

22

(c) t, = 2400s

O

0.2 0.0 0.2 0.4 0.6 0.8
A, cooling capacity

Figure 4. Dependence of the maximum dimensionless
temperature on the cooling capacity A for
three different flow reversal periods t;.

Thick solid lines = single-phase mode; © = two-phase model;
thin solid lines = asymmetric states; ®®® = quasi-periodic
states.

models is the slightly higher A value of the extinction point of
the two-phase model. Moreover, at low cooling capacities the
two-phase model predicts maximum temperatures, which are
slightly lower than those predicted by the single-phase model.

For all flow reversal periods, the highest bed temperature
0O, IS always obtained under adiabatic operation. Surpris-
ingly, the bifurcation diagrams of ®.,, vs. A exhibit a local
minimum at intermediate cooling capacities (A = 0.3). This
counterintuitive behavior is caused by a shift of the tempera-
ture profile from one with two maxima to one with a narrow
single peak, illustrated in Figure 5 and described in more
detail by Khinast et al. (1998).

Figure 6 describes the value of the largest eigenvalue A,
of the Monodromy matrix (of the symmetric states) vs. A for
t; =600 s, 1,200 s, and 2,400 s. Due to the sensitive depen-
dence of the eigenvalues on the value of the parameters and
the model type, they provide a good basis for a comparison of
the model predictions. The eigenvalues for the single-phase
model are represented by a solid line and those for the two-
phase model by open circles. The symmetric states of the adi-
abatic RFR (A =0) are always stable, that is, the largest
eigenvalue is real and smaller than unity. For both t; = 600 s
and 1,200 s (Figures 6a and 6b) and small A, the largest
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Figure 5. Dimensionless temperature profiles in the
catalytic bed for (a) adiabatic operation, (b)
small A, and (c) large A-values.
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eigenvalue of the monodromy matrix M is real and smaller
than unity and the symmetric states are stable. However at a
critical A-value, the largest eigenvalue becomes equal to —1,
causing a symmetry loss (SL) bifurcation. The symmetric
states become unstable and instead a stable asymmetric pe-
riod-1 state exists. The temperature and concentration pro-
files at the beginning and end of a flow-reversal period of
these new emerging states are no longer mirror images of
each other (see Figure 2b). The emerging asymmetric states
exist only for a narrow range of A values before loosing their
stability. As A is slightly increased, the asymmetric states be-
come unstable and a stable quasi-periodic state emerges. At
this quasi-periodic bifurcation from asymmetric states (QP-AS
bifurcation), a conjugate complex pair of eigenvalues crosses
the unit circle. The quasi-periodic states vanish upon a fur-
ther increase in A at a second QP-AS point and again asym-
metric states appear. At even higher cooling capacities, the
symmetric states become stable again at a SL bifurcation. The
emerging stable, symmetric states exist for all higher A values
until the cooling causes eventual extinction of that branch at
A-values of about 0.7. At this limit point, a real eigenvalue of
M crosses the unit circle at +1. The two SL and two QP-AS
bifurcation points for the two models are rather close to each
other. For the sake of clarity, we show in Figures 4 and 6
those bifurcations only for the single-phase model. Figure 6c
shows that for a flow-reversal period of 2,400 s all the sym-
metric states on the high-temperature branch are stable, as
[ Al is @lways smaller than unity.

It is interesting to note that the largest eigenvalues of M
for both models are almost identical. Consequently, it may be
concluded that both models will predict a very similar dy-
namic behavior in parameter regions where both models have
a stable symmetric period-1 state. In the following section we
shall report only simulations in the parameter range in which
the two models have complex dynamic features, that is, the
region bounded by the SL loci. In Figure 7 this region in the
parameter space is shown, and it can be seen that the loca-
tion of the predicted symmetry loss differs slightly for the two
models. We mark on that figure the set of (A, t;) values cor-
responding to the examples shown in Figures 8 and 9.
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Figure 6. Dependence of the eigenvalue with maximum
value on the cooling capacity A for three dif-
ferent flow-reversal periods t;.

Solid lines = single-phase model; © = two-phase model. SL
and QP-AS are the symmetry loss and quasi-periodic asym-
metric bifurcation points of the single-phase model.

Figure 8 illustrates the temporal reactor center tempera-
ture for three cases for which t; = 600 s. The cooling capaci-
ties of the three cases are within the quasi-periodic region for
both models (see Figure 7), and none is close to a QP-AS
bifurcation point. The figure shows that the temporal tem-
peratures at the reactor center predicted by both models are
very similar and quasi-periodic. The thickness of the band
describes the change in the center temperature during one
flow reversal period. In the case shown in Figure 8a and 8b
(A =0.2) in addition to the forcing period of 7 =1, a second
period of approximately 135 flow reversals exists. In Figure
8c and 8d (A = 0.25) the second period is about 80 flow re-
versals, while in Figures 8e and 8f (A =0.3), the motion is
rather complex and the second period is approximately 200
flow reversals. The amplitude of the oscillations decreases as
the cooling capacity gets close to the SL bifurcation points.
However, the quasi-periodic motion becomes more compli-
cated as A gets close to the QP-AS bifurcation point (at A =
0.327 for the single-phase model). The simulations show that,
in general, the dynamic motions predicted by the two models
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are very similar over a wide range of operating conditions
even in the quasi-periodic region.

Slight differences in the location of the SL and QP-AS bi-
furcation points of the two models cause differences in the
dynamic features next to these bifurcations. This point is il-
lustrated by the dynamic simulations shown in Figure 9 for
t; = 1,200 s. Figures 9a and 9b show the temporal center tem-
perature for a case in which the cooling capacity is above the

Single-phase model Two-phase model

241

(a) A=0.2 (b) A=0.2
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Figure 8. Temporal dependence of the reactor center
dimensionless temperature on cooling capac-
ity A for the two models at t;=600 s.
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Figure 9. Temporal dependence of the reactor center
dimensionless temperature on cooling capac-
ity A for the two models at t;=1,200 s.

SL bifurcation point for the single-phase model, but below
that of the two-phase model (see Figure 7). Thus, the single-
phase model predicts a stable, symmetric state (Figure 9a),
while the two-phase model predicts that an asymmetric state
is stable (Figure 9b). Figure 9c and 9d describe a state in
which A =0.332 is below the SL point of both models, but
above the QP-AS of the single-phase model (= 0.325) and
below that of the two phase model (= 0.334). Here, the sin-
gle-phase model (Figure 9c) predicts asymmetric behavior,
whereas the two-phase model predicts a complex quasi-peri-
odic motion (Figure 9d).

Our simulations revealed that, within the region bounded
by the two QP-AS loci, there exist small sections with rather
complex quasi-periodic, as well as chaotic behavior. For a
given flow-reversal period, these regions exist for slightly dif-
ferent sets of cooling parameters for the two models. Since
the corresponding dynamic behavior is very sensitive to the
parameter values in this complex region, even the qualitative
dynamic features of the two models may be different for the
same set of parameters. This behavior will be illustrated for a
specific case for which t; =1,200 s. Here chaotic behavior
was found in a A-range of (0.2995, 0.301) and (0.3097, 0.3112)
for the single- and two-phase models, respectively.

To illustrate the development of chaos for the single-phase
model, we consider first the simple quasi-periodic behavior
shown in Figure 10. We constructed a corresponding Poincaré
map by plotting of A®,,(n) vs. ®,,(n), where we define

1 .
®av(n)zfj; O(nt;, x)dx, n=1,2,3,..., (5)
2
26,,(n) == [ [ et x)ax

‘f;z@( nt;, x)dx.}, n=1,2.3,... (6)

0,,(n) is the average reactor temperature after the nth flow
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Figure 10. Temporal reactor center dimensionless tem-
perature and corresponding Poincaré map
for t,=1,200 s and A=0.305 for the single-
phase model.

reversal and A®,,(n) is the corresponding averaged differ-
ence between the temperatures in the right and left half of
the reactor. Clearly, the sign of A®,, changes upon alternat-
ing flow reversal. For symmetric period-1 states, the Poincaré
map consists of two points, both for the same ®,,(n) value.
For asymmetric period-1 states, the Poincaré map has two
points, but not for the same ©,,(n) values. The Poincaré map
in Figure 10 consists of a set of points forming two closed
curves, thus indicating quasi-periodic behavior. Each curve
corresponds to one flow direction. Due to the similar infor-
mation contained by the upper and lower part of the map, we
show in other examples only the upper part of the map, which
is equivalent to constructing a Poincaré map of A®,, (2n) vs.
0,,(2n), where n is an integer.

A 1% decrease of the cooling capacity from that in Figure
10 to 0.302 shifts the dynamics to the complex motion, de-
scribed in Figure 11. The period of oscillations in this case
(~520 flow reversals) is about six times that in Figure 10
(~ 88 flow reversals) and the time series includes six differ-
ent peaks. The Poincaré map consists of six loops indicating a
complex quasi-periodic motion, which may be due to a pe-
riod-multiplying bifurcation of the quasi-periodic motion. De-
creasing further the cooling capacity leads to chaotic motion.
Figure 12 shows the temporal variation of the average reac-
tor temperature and the corresponding Poincaré map of a

av
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Figure 11. Complex quasi-periodic reactor center dimen-
sionless temperature and corresponding
Poincaré map at t;=1,200 s and A =0.302 for
the single-phase model.

1.425

chaotic attractor for A =0.2996. This finding is the first re-
port of chaotic dynamics of an RFR described by a single-
phase model.

The chaotic motion of the two-phase model exists for
slightly higher A values than that for the single-phase model.
Figure 13 shows that for A =0.3, the two-phase model ex-
hibits simple quasi-periodic motion. (The single-phase model
predicts a chaotic motion for this A-value.) It also shows that
the quasi-periodic motion becomes more intricate as A is in-
creased. The period of the motion for A =0.302 and 0.305 is
four times and twice that for A =0.3. The complex motion
shown in Figure 13 for the two-phase model at A =0.305 is
rather different from that of single-phase model at the same
set of parameters (Figure 10). Similarly, the quasi-periodic
motion shown in Figure 13 for the two-phase model at A =
0.302 is rather different from that in Figure 11 for the
single-phase model and the same set of parameters.

The two-phase model becomes chaotic at A = 0.3097. Fig-
ure 14 shows a chaotic state obtained at A =0.31. For the
same set of parameters, the single-phase model predicts a
simple quasi-periodic motion similar to that shown in Figure
10. However, the Poincaré map of the chaotic state for the
two-phase model (Figure 14) is rather similar to that ob-
tained for the single-phase model (Figure 12) for a slightly
different set of parameters.
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Figure 12. Chaotic temporal reactor center dimension-
less temperature and corresponding Poin-
caré map at t,=1,200 s and A=0.2996 for
the single-phase model.
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Figure 14. Chaotic reactor center dimensionless tem-
perature and Poincaré map at t;=1,200 s and
A =0.31 for the two-phase model.

In our simulations the coolant and feed temperature were
the same. Rehacek et al. (1992, 1998) found that a two-phase
model of the RFR exhibits chaotic features when the feed
temperature (=730 K) was much higher than the coolant
temperature (310 K). Figure 15 shows the computed center
bed temperature for the two- and single-phase model for the
parameter values used by Rehacek et al. (1992, 1998). Our
simulations show that while the two-phase model exhibits
chaotic features, the single-phase model predicts a much sim-
pler period-1 asymmetric motion. We were not successful in
our attempt to find a region with chaotic behavior of the sin-
gle-phase model for parameters close to those used by Re-
hacek et al. (1992, 1998). A series of simulations (Figure 16)
was conducted to check the impact of the large temperature
difference on the dynamics of the two-phase model. When
the feed temperature was decreased (left column of Figure
16), the behavior became more regular. The behavior was
quasi-periodic for T; =690 K, period-1 asymmetric for T; =
670 K, and period-1 symmetric for T; = 630 K. Simulations of
the single-phase model for the same set of parameters led to
a symmetric period-1 behavior in the three cases, indicating a
significant qualitative difference in the predictions of the two
models.

The above simulations suggested that the large tempera-
ture difference between the two phases in part of the bed,
due to the temperature difference between the feed and
coolant (see Figure 17), is the cause for the qualitative differ-
ence in the predictions of the two models. To check this con-
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jecture, simulations were carried out for the two-phase model
for the same feed temperature and increasing values of the
coolant temperatures (right column of Figure 16). Again, de-
creasing the temperature difference between the two phases
led to a simpler dynamic behavior of the two-phase model.
The state was quasi-periodic for T, = 320 K, period-1 asym-
metric for T, =370 K, and period-1 symmetric for T, =430
K. Simulations of the single-phase model revealed an asym-
metric period-1 solution for T, = 320 K and period-1 symmet-
ric in the other two cases. These and other simulations showed
that the two models may predict different dynamic features
of the cooled RFR when large temperature differences exist
between the feed and coolant.

Summary and Conclusions

The simulations indicate that in most, but not all, cases the
single- and two-phase models predict similar dynamic behav-
ior of an RFR when using the effective dispersion coefficient
suggested by Vortmayer and Schaeffer (1974). For an adia-
batic RFR, both models usually predict a very similar sym-
metric period-1 state. The cooled RFR may exhibit much
more intricate dynamic features, especially for intermediate
levels of cooling when the flow-reversal period is much shorter
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Remaining parameters are identical to those in Figure 15.

than that needed for the temperature wave to transverse the
reactor. As shown by Rehacek et al. (1992, 1998), Salinger
and Eigenberger (1996b), and Khinast et al. (1998), the cooled
reactor may attain asymmetric states as well as quasi-periodic
or even chaotic states. The simulations show that, even for a
cooled RFR, the dynamic behaviors predicted by the two
models are usually very similar, even when they are complex
(Figure 8). However, the similarity of the predictions may
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Figure 17. Gas (---) and solid-phase (—) dimension-
less temperature profiles just after a flow re-
versal for the set of parameters used by
Rehacek et al. (1998).
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break down when the parameters are close to one of the dy-
namic bifurcation loci. Figures 12—-14 illustrate such a case in
which the two models predict chaotic behavior for slightly
different parameter values. Clearly, when the dynamic bifur-
cations occur for different parameters, the two models pre-
dict qualitatively different dynamics for parameters between
these two bifurcations (such as Figure 9).

The chaotic attractor exhibited by the two models (Figures
12 and 14) seems to have a relatively simple structure and
low dimension. Some of the quasi-periodic states near that
region, such as that shown in Figures 11 and 13 are rather
unusual. Of particular interest is the period-doubling of the
quasi-periodic motion in Figure 13. It would be of interest to
gain a physical understanding of these complex dynamics and
an ability to predict the operating conditions under which
these occur. While in practice one would try to avoid opera-
tion under conditions leading to complex dynamics, their fea-
tures are of academic interest.

The predicted heat loss and reaction rate of the single-
phase model are based on the average cross-section tempera-
ture, which is very close to that of the solid. The heat loss of
the two-phase model is based on the fluid temperature and
the reaction rate on the solid temperature. In the common
case that the solid-fluid temperature difference is small, the
predictions of the two models are very close. However, that
similarity in the predictions breaks down when a large tem-
perature difference exists between the two phases in a sec-
tion of the reactor (Figures 15-16). Note that, for cases of
strong cooling, the effective dispersion relation of VVortmayer
and Schaeffer (1974), which was derived for an adiabatic re-
actor, should be modified, and one may have to use different
wall heat-transfer coefficients in the two models. Large
solid-fluid temperature differences are encountered also
when particle steady-state multiplicity occurs, a behavior not
encountered in any of our simulations. The safest simulation
of cases involving large solid-fluid temperature differences is
probably via a two-phase, 2-D model.
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Notation

= specific particle surface area, mSu,f/mReacl
aW = specific reactor wall surface, mwa,,/mReact
¢ = gas-phase concentration, kmol/m?®
¢* = concentration at the particle surface, kmol/m®
D = gas diffusion coefficient, m?/s
E = activation energy, kJ/kmol
h= heat-transfer coefficient, kW/(mzFI K)
— A H= heat of reaction, kJ/kmol
k.= mass-transfer coefficient, m/s
k. = frequency factor, 1/s
L = reactor length
R = universal gas constant, kJ/kmol/K
t=time, s
T = gas-phase temperature, K
T*= solid-phase temperature, K
u= superficial gas velocity, m/s
U,, = heat-transfer coefficient at reactor wall, KW/Am% - K)
w= velocity of the thermal wave, m/s
x= axial coordinate, m
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Greek letters

€= void fraction
n= effectiveness factor
= thermal conductivity, kW/m/K
@ dimensionless temperature, ® =T/T,
pc, = volumetric heat capacity, kl/m%/K
7= dimensionless time, 7 = t/t;

Indices

ax= axial
¢ = flow reversal coolant, center
g=gas
0= feed
s=solid
w= wall
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Appendix

The 1-D, two-phase model accounts for axial heat and mass
dispersion in the gas phase, for heat conduction in the solid
phase, and for mass and heat transfer between the fluid and
the catalyst. We assume that all the physical properties are
independent of the temperature and concentration and that
the pressure loss along the length of the catalytic bed is negli-
gible. An additional assumption is that cooling occurs only
via the gas phase due to the negligible contact area between
the catalyst particles and the reactor wall. The energy bal-
ances for the gas and solid phase are:

aT aT 3T
E( pCp) —_—=— U( pCp)gE + EAQW

99t
+hay (T*=T)-Uyan(T-T,), (7)

aT* 92T*
(A=e)(pep)— =(A-)A—7F

—ha,(T*=T)+(—AH)nk,exp[— E/RT*]c* (8)

where the * denotes the solid phase. The mass balances for
the gas and solid phase are

Jc Jc Dazc . . o
—=—-u_—+eD— +kea,(c*~—c
€ ot ax €7 ax? 8 ) ©)

ac*
(1- 6)7 =—k.a,(c* —c)—nk,exp[— E/RT*]c* (10)

In Egs. 7-10 n is the particle effectiveness factor, which we
assumed to be unity, and T, is the coolant temperature. The
boundary conditions for the flow in the right direction are

€y  IT - eD Jdc
- =TT, ———=¢,—¢;
u(pcy), ax  ° u ax °
aT*  gc*
= =0 at x=0 (11)
ax ax
dT dc  IT* gc*
=—= = =0 at x=1L, (12)

9x  ax  dax  ox

where L is the length of the reactor. Symmetric boundary
conditions apply for flow in the left direction.

Assuming that c¢* is in a quasi-stationary state, it may be
expressed as a function of the rate constant, the effective-
ness-factor, and the mass-transfer coefficient. This leads to
the following heat and mass balance of the single-phase model

aT a1 aT
(A=e)(pCp) 71 = Aoz ~U(PC) g ~Uwaw (T To)
nk.k.a, exp[ — E/RT
+(—AH) cav exp[— E/RT] (13)
k.ay +nk,exp[— E/RT]
ac ac d%c  mk.k.a, exp[— E/RT]
e—-=—-Uu—+eD— - c
at Ix ax*>  kiay +nk,exp[— E/RT]
(14)
The boundary conditions for flow to the right are
Aoy 9T eD dc
—-————=T,-T, ———=c¢c,—C at x=0
u( pcy), Ix u Jgx
(15)
dT dc
—=— at x=L (16)
ax  dX
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