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The adsorption on the catalyst surface of the product of an exothermic reaction in a
( )re®erse-flow reactor RFR may lead to large ®ariations in the temporal effluent product

concentration. Using a dilute reactant feed, the adsorbed product effluent concentration
is low following each flow re®ersal, but it e®entually exceeds the feed reactant concentra-

(tion. The product adsorption may decrease the range of operating conditions parameter
)®alues for which the RFR can attain an ignited state. A cooled RFR may attain, for

certain parameter ®alues, complex dynamic states such as quasi-periodic and chaotic
states. An increase in the adsorption capacity of the catalyst decreases the range of
parameter ®alues for which complex dynamic states exist. The desired period-1 opera-
tion of the RFR is more robust in the presence of product adsorption. Product adsorp-
tion may lead to surprising dynamic features, such as the coexistence of up to three
stable quasi-periodic states for the same operating conditions.

Introduction
Ž .The reverse-flow reactor RFR has attracted much atten-

tion in recent years and comprehensive reviews of its opera-
Ž .tion were presented by Matros and Bunimovich 1996 and

Ž .Kolios et al. 2000 . The main applications of the RFR are
destruction of pollutants such as volatile organic compounds
present in low concentrations and carrying out exothermic

Žreversible reactions, such as SO -oxidation Boreskov and2
.Matros, 1983; Nieken et al., 1994; van de Beld, 1995 . Vari-

ous attempts have been made to couple exothermic and en-
Ždothermic reactions in an RFR Snyder and Subramaniam,

.1994; Kolios and Eigenberger, 1999 but none has led so far
to a commercial process. Several attempts at using of an RFR
for selective catalytic reduction of NO by ammonia have beenx

Žreported Agar and Ruppel, 1988; Noskov et al., 1996; Sny-
.der and Subramaniam, 1998 . This application of the RFR as

a chromatographic reactor hinges on its ability to strongly ad-
Ž .sorb the ammonia. Bunimovich et al. 1995 have shown that

product adsorption during the oxidation of SO may have a2
strong impact on the transient behavior of an RFR. When an
exothermic reaction is carried out in an RFR, following a
flow reversal the moving hot zone may desorb the adsorbed
reactant from the cold reactor section, decreasing the overall

Correspondence concerning this article should be addressed to D. Luss.
Present address of A. Garayhi: Linde AG, Werksgruppe VA, Abt. CVO,

Dr.�Carl�v.�Linde�Str. 6-14, 82049 Hoellriegelskreuth, Germany.

conversion. Such a deleterious reactant desorption was ob-
Ž .served by van de Beld et al. 1994 during methanol oxida-

tion.
Heat losses andror cooling of the RFR may lead to rather

complex dynamic behavior of an RFR, as shown by Khinast
Ž .et al. 1998, 1999 . We report here a study of the operation of

a cooled RFR in which the irreversible exothermic reaction
A™ P is carried out and the product P is adsorbed on the
catalyst. We examine the behavioral features of this opera-
tion and the associated dynamic features. This information
provides insight and guidance to finding the optimal mode of
operation.

Mathematical Model of the Reactor
We consider a single irreversible, exothermic, first-order

reaction A™P carried out in an RFR in which the flow di-
rection is reversed periodically. The product P is adsorbed
on the catalyst support. We describe the reactor by a one-di-

Žmensional pseudohomogeneous model Vortmeyer and
.Schaefer, 1974 . It was shown that the differences between

the predictions of the heterogeneous and pseudohomoge-
Ž .neous models are usually rather small Khinast et al., 1999 .

Our model accounts for axial heat and mass dispersion and
external mass-transfer resistance between the fluid and the
catalyst. We assume that the feed is a dilute mixture of the
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reactant so that product adsorption does not affect the veloc-
ity in the reactor. We ignore the pressure variation along the
catalytic bed and assume that all the physical properties are
independent of temperature and pressure. We assume that

Žthe surface coverage, � fraction of the adsorption capacity
.of the adsorbent, Q , is in equilibrium with the gaseous prod-

uct concentration adjacent to the surface, c . The corre-i
sponding dimensionless mass and energy balances are

� � x f � x 1 � 2 xA A Aq y qB y � x s0 1Ž . Ž .A2 2� �� Da �� � ��m

� � x f � x 1 � 2 x MP P Pq y q2 2� �� Da �� Da� ��m

� x y x yB y � x s0 2Ž . Ž . Ž .P i A

C �� M
y x y x s0 3Ž . Ž .P i� �� Da

Le � y 	 � C �� f � y 1 � 2 yadsy q y 2 2� �� � �� Da �� � ��h

y	 � B y � x q
 � yy y s0. 4Ž . Ž . Ž .A c

Ž .The flow-direction indicator f is equal to 1 y1 for flow from
Ž .the left right . Assuming that no product is present in the

feed, the corresponding boundary conditions for a flow from
Ž .left to right fs1 are

Da � xA
�s x y1 5Ž .�s0A2 ���m � s 0

Da � xP
�s x 6Ž .�s0P2 ���m � s 0

Da � y
�s y y1 7Ž .�s02 ���h � s 0

� x � x � yA Ps s s0. 8Ž .
�� �� ��� s1 � s1 � s1

The dimensionless state variables in the preceding equations
are

c c cA P i
x s , x s , x s ,A P ic c cA0 A0 A0

T t z
ys , � s , � s . 9Ž .

T t L0 c

The dimensionless groups are

�cŽ .p s� s t � k T , Les � 1y� q� ,Ž .Ž .c 0 �cŽ .p g

L2� k T � �cŽ .Ž .L � K T EŽ . 0 p g0 � 2Das , 
 s , � s ,hu R �T �0

L2� k T y
 H � c TŽ .Ž .0 A0 c2� s , 	s , y s ,m c�c �T TŽ .D p 0 0g

u � a 
 H k � a � LŽ .W W ads c ®

s , 	 s	 , Ms ,ads�c � k T y
 H uŽ . Ž .Ž .p 0g

w xQ � a k � a �exp 
 1y1ryŽ .s c ®
Cs , B y s , 10Ž . Ž .

c k � a qk exp y
ryŽ .A0 c ® �

where

k T sk �exp y
 . 11Ž . Ž .Ž .0 �

The effective heat conductivity � satisfies the relation
Ž .Vortmeyer and Schaefer, 1974

22u �cŽ .p g
�s q 1y� � . 12Ž . Ž .sha®

Common expressions of the adsorption equilibrium account
for adsorption isotherms under stationary conditions. We de-
velop here a relation adequate for a dynamic situation. When
the long-range intermolecular forces are weak, the adsorp-
tion rate is a product of the rate of collision of molecules on
the surface and the sticking coefficient. From the kinetic-gas

Ž .theory one obtains Masel, 1996

dc sads
r s s p 1y� . 13Ž . Ž .ads idt 2� M RT' i

The value of the sticking probability s depends on the ad-
sorbent and adsorbate as well as temperature, pressure,
chemical potential, and other state parameters. We assume
that it is a constant. Note that according to Eq. 13 the ad-
sorption rate is not activated. The adsorption is activated if
the repulsive forces between adsorbent and adsorbate are not
negligible or if dissociation occurs. An apparent activation is
possible, if diffusion processes are the rate-determining steps
during the adsorption process.

The desorption is always an activated process, as the ad-
sorption process is exothermic due to its negative entropy. If
the adsorption is a nonactivated process, as in the present
case, the activation energy of a simple desorption mechanism

Žis the heat of adsorption. The activation energy may be larger
for a complicated mechanism, e.g., with multiple transition

.states. We describe the desorption rate by

dc 
 Hads ads
r s syk exp y �� . 14Ž .des D ž /dt RT

The equilibrium surface coverage of the adsorbate is found
by combining Eqs. 13 and 14

1
�s , 15Ž .'
 H Tads

Kexp y q1ž /RT pi

where

k 2� M R'D i
Ks . 16Ž .

s
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Table 1. Parameters Used in the Simulations
7 2 3a 1.3 �10 m rm k 0.023 mrss React c

2 3 6 y1a 1314.4 m rm k 1.815�10 s® React �
2 3a 1.0 m rm L 4.0 mW React

3c 0.5 molrm T sT 323 KA0 0 c
y3 2D 10 m rs t 600 sc

E rR 8,328.6 K u 0.8 mrs�
2Ž .h 0.025 kWr m �K � 0.69

Ž .y
 H 62.44 kJrmol � 1.26 Wr m �Ks
3Ž . Ž .
 H 16.1 kJrmol �c 0.6244 kJr m �Kads p g

2 1r2 3Ž . Ž . Ž .K 10,000 kgr m � s �K �c 1,381.61 kJr m �Kp s

Substituting c s prRT in Eq. 15 gives the equilibrium rela-i i
tion

xi
�s , 17Ž .'x q �r y �exp y
 ryŽ .Ž .i des

where


 H Kads

 s
 , �s . 18Ž .des 'E c R T� 0A0

The analysis of the model features was conducted by com-
puting bifurcation diagrams describing the dependence of a
state of the system on a continuously changing parameter. In
addition we computed the loci of various dynamic bifurca-
tions, that is, of parameters at which a qualitative change in
the dynamic features occurs. A detailed description of the
method of calculating these bifurcations was given by Khinast

Ž .et al. 1998 . We provide a short description of the numerical
scheme in the Appendix.

Operation of RFR with Product Adsorption
Extensive numerical simulations were carried out to deter-

mine the behavioral features of an RFR in which the product
is adsorbed. The values of the parameters used in the simula-

Žtions shown here are reported in Table 1. The semicycle each
.cycle consists of two flow reversals duration was 600 s in all

the simulations reported here, except when otherwise indi-
cated. The values of corresponding dimensionless groups are:

Les686.6, � s6.9�10y3 , Das5.748�10y5,

� 2s1.44�10y2 , � 2 s1.84�10y1 , 	s0.155,h m

	 s0.04, 
 s25.785, 
 s5.995,ads ads

Ms1.51�102 , y s1, �s1.338�102. 19Ž .c

Figure 1 shows the influence of the dimensionless adsorp-
Ž .tion capacity C on the temporal dimensionless exit product
Ž .concentration x over a semicycle. In all cases shown, apL

high-temperature zone exists within the reactor, leading to
complete conversion of the reactant to the product. Due to
product adsorption, however, the effluent product concentra-

Žtion is much lower than that of the inlet reactant shown by
.the dotted line in Figure 1 following a flow-reversal. Eventu-

ally, this effluent product concentration increases and even

Figure 1. Impact of dimensionless product adsorption
capacity, C , in an adiabatic RFR on the tem-
poral product effluent concentration during a
semicycle.

exceeds that of the dilute inlet reactant, as the total amount
of effluent product in a semicycle must be equal to the total
amount of converted reactant. For low adsorption capacities,
the effluent product concentration attains a maximum value
at a time shorter than that of a semicycle, and then decreases
monotonically. For the case shown in Figure 1 the maximum
effluent product concentration is attained at � s1 for Cs
7.28 �103. For all higher C values, the effluent product con-
centration is a monotonic increasing function of time. The
temporal variation in the effluent product concentration can
be used to our advantage to get the product with high con-
centration.

Figure 2 shows the spatiotemporal profiles of the dimen-
sionless gas-phase product concentration in the RFR during
a semicycle for two C values. The profile at � s0 corre-
sponds to the time at which the flow direction is switched

Žfrom the left to the right the arrow in Figure 2 indicates the
.flow direction during the semicycle . During the early stages

of the semicycle the product concentration has a local maxi-
mum next to the inlet due to desorption of the product formed

Ž .in the previous semicycle see profile at � s0 . At relatively
low adsorption capacities, such as the case shown in Figure 2
Ž .top , a maximum in the product concentration tends also to
form in the downstream section of the reactor. The concen-
tration peak in the upstream section moves fast in the down-
stream direction and coalesces with the downstream peak.
The maximum in the temporal effluent concentration is at-
tained when this peak reaches the reactor end. After that the
effluent concentration decreases with time.

An important parameter affecting the behavior of the RFR
is the ratio between the amount of product adsorbed in the
bed to that generated during a semicycle. When this ratio is
large, which occurs at high C values, the rate of migration of
the peak product concentration may be slowed down so that

Žit does not reach the reactor end during the semicycle Fig-
.ure 2, bottom . This decreases the peak effluent product con-

Ž .centration at high C Figure 1 . For the case shown in the
bottom of Figure 2 the amount of product adsorbed in the
bed is about 100 times that which is generated by the reac-
tion during a semicycle. For adsorption capacities exceeding

Ž .that corresponding to Figure 2 bottom , the RFR behavior
becomes essentially independent of the adsorption capacity.

February 2002 Vol. 48, No. 2 AIChE Journal336



Figure 2. Temporal dimensionless product concentra-
tion profiles in an adiabatic RFR during a
semicycle of a symmetric period-1 state.

This asymptotic behavior is due to the very large amount of
adsorbed product in the bed, so that the desorption and ad-
sorption of the product during the semicycle cause only mi-
nor perturbations to the adsorbed product profile.

An increase in the wall cooling of an RFR decreases the
size of the hot zone in the reactor and increases the size of

Ž .the cold regions around it Khinast et al., 1998 . The increase
in the cold regions increases the product adsorption and slows
down the movement of the product in the bed. This increases
the fraction of the semicycle time during which the product
effluent is low. This, in turn, increases the maximum in the
temporal effluent concentration. This is illustrated by Figure
3, which shows the dependence of the temporal profiles of
the dimensionless effluent product concentration on the cool-
ing capacity, 
.

Figure 4 describes the influence of the semicycle time, t ,c
Ž .on the fraction of the switching time � at which the ef-x pL

fluent product concentration reaches a specified fraction of
the feed concentration. At larger times the effluent concen-
tration exceeds this value. The separation among curves for
different values of effluent product concentration in Figure 4
are indicative of the temporal rate of increase in the product
effluent concentration after the initial delay. Small separa-

Figure 3. Influence of the cooling capacity, � , on the
temporal effluent product concentration dur-
ing a semicycle.

tion at a particular t implies a sharp increase in the exitc
product concentration. This shows the advantage of opera-

Ž .tion with large semicycle time. Figure 4 top indicates that
for low adsorption capacities and short semicycle time, �x pL
decreases monotonically with t . On the other hand, for highc

Žadsorption capacities and short semicycle times Figure 4,
.bottom , � increases monotonically with t . In both casesx pL c

Figure 4. Impact of the switching time on the fraction of
the semicycle time, � , during which the ra-xpL
tio of effluent product concentration to feed
reactant concentration, x , is smaller than apL
specified value for an adiabatic RFR.
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Figure 5. Influence of the dimensionless product ad-
sorption capacity, C , on the temperature pro-
files of symmetric period-1 states at the end
of a leftwards flow semicycle.

the curves reach an asymptotic value for high semicycle times.
This behavior is due to the fact that for sufficiently high tc
the temperature and concentration front velocities in the RFR
attain an asymptotic value. An increase in the semicycle time
decreases the size of the hot zone and this increases the time,
following a flow reversal, for the effluent concentration to
reach the specified value. As C is increased, the correspond-
ing asymptotic values of � increase.x pL

Under heat losses andror cooling the temperature profile
Ž .of the RFR tends to have two local maxima. Figure 5 top

shows several dimensionless temperature profiles when the
flow is switched from the left to the right for two values of 
.
As C is increased, the maximum bed temperature and the

Žsize of the cold zone the distance between the two maxima
.in the temperature profile decrease. The reason is that an

increase in C increases the rate of desorption in the up-
stream section of the reactor and at the moving front in the
downstream section of the reactor. This desorption decreases
the maximum temperature of both temperature peaks. The
increased adsorption of the product in the region between
these two peaks increases the temperature in that region. In

Ž .the case shown in Figure 5 top the temperature profiles
became essentially independent of the adsorption capacity for
C values exceeding 5.2�104. In the higher cooling capacity

Ž .case shown in Figure 5 bottom the increase in the adsorp-

Figure 6. Time series of the dimensionless maximum
RFR temperature, y , and correspondingmax
temporal temperature profiles for a symmetric
period-1 and a quasi-periodic state: C=3.12
�103.

tion capacity causes the temperature maxima to move toward
each other and eventually coalesce at high adsorption capac-
ity of 5.2�104. Figure 5 shows that at high C, the high rate
of desorption decreases the temperature near the reactor en-
trance below the feed temperature.

The RFR usually attains a symmetric period-1 state so that
its profile upon a flow reversal is a mirror image of that at
the following flow reversal. However, under cooling and rela-
tively short semicycle periods the RFR may attain rather
complex dynamic states, such as asymmetric states, period-n

Žmotion, quasi-periodic, and even chaotic motion Khinast et
.al., 1998; Rehacek et al., 1998 . Similar complex dynamic

states may be attained when the adsorption capacity is not
too large. Figure 6 shows the shift from a period-1 state to a
quasi-periodic state as the cooling is increased from 
s1395
to 
s3065 for a dimensionless adsorption capacity of 3.12�
103. The left column in Figure 6 shows the time series of the
dimensionless maximum reactor temperature. The right col-
umn shows the corresponding dimensionless temperature
profiles. Inspection of the time profiles of the quasi-periodic

Žstate indicates that the reactor returns approximately but not
.exactly to its original state after about 120 flow reversals.

The impact of the wall cooling on the dynamics of the RFR
is efficiently illustrated by a bifurcation diagram, such as Fig-
ure 7, that describes the dependence of the dimensionless
maximum RFR temperature on 
. This diagram is qualita-

Ž .tively similar to one obtained by Khinast et al. 1998 for an
RFR in which no product adsorption occurs. Ignited states
exist in addition to extinguished states for values of 
 smaller

Ž .than that of the limit point L-S of the branch of symmetric
period-1 states. For higher 
 only extinguished states exist.
Most of the ignited states are stable symmetric period-1 states.
At low values of 
 the temperature profiles of the symmetric
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Figure 7. Bifurcation diagram of the dimensionless
maximum temperature, y , vs. the coolingmax
capacity, � .
QPs quasi-periodic bifurcation; L-Ss limit point of the
symmetric period-1 states; solid circle s quasi-periodic
states; solid lines stable symmetric period-1 states; dashed
lines unstable symmetric period-1 states.

period-1 states have two maxima. However, the temperature
profiles of the symmetric period-1 states close to the limit
point have only one maximum. At intermediate 
 two bifur-

Ž .cations to quasi-periodic states occur QP . Between these
two bifurcation points the symmetric state is unstable and the
reactor attains quasi-periodic motion. These states are indi-
cated by the solid circles in Figure 7.

The space-time dependence of the temperature within the
reactor provides important insight into the dynamic behavior.
Figure 8 shows this dependence for three different values of

. At 
s1395, the reactor attains a symmetric period-1 state
with two temperature maxima moving back and forth in each
cycle, leading to a mirror symmetry over successive semicy-
cles. At the higher 
 value of 6270 a period-1 motion still
exists. However, the corresponding temperature profile has
only one maximum at the center of the reactor. At the inter-
mediate 
 value of 3065 the reactor attains a quasi-periodic
state, which does not exhibit mirror symmetry. Note that the
space-time diagram of the quasi-periodic state is shown over
a period of 300 semicycles, while those for the period-1 mo-
tions are over a period of 4 semicycles.

The bifurcation diagram in Figure 7 clearly shows that an
ignited state can exist only when the bifurcation variable is
smaller than its value at the limit point of the branch of pe-
riod-1 states. Figure 9 describes the dependence of the semi-
cycle time at the limit point on the value of the dimensionless
adsorption capacity for an adiabatic RFR. Increasing C de-
creases the semicycle time at which the limit point occurs
and causes the reactor to extinguish at shorter semicycle
times. This occurs because the increased product desorption
decreases the maximum temperature and increases the con-
vective heat removal from the reactor. The cycle time cor-
responding to the limit point attains an asymptotic value at
high C.

It is important to know the set of operating conditions at
which the RFR exhibits complex dynamic features, as one
usually wants to avoid operating in that region. This informa-

Figure 8. Influence of the cooling capacity, � , on the
space-time temperature: C=3.12�103.

tion is best presented through bifurcation maps, which show
the parameter regions in which complex dynamic behavior is
attained. Figure 10 is such a bifurcation map, constructed in

Figure 9. Influence of the dimensionless product ad-
sorption capacity, C , on the maximum possi-
ble switching time, t , for which an ignitedce
state exists: � =0.
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Figure 10. Map of regions with qualitatively different
dynamic behavior.
L-Ss limit point of the symmetric period-1 states; QPs
quasi-periodic bifurcation; DQPsdegenerate quasi-peri-
odic bifurcation.

the plane of the cooling capacity, 
, and dimensionless ad-
sorption capacity, C. Ignited states exist in addition to extin-
guished states in the region below the locus of the limit point

Ž .of the symmetric period-1 states L-S . The figure shows that
the value of 
 at the limit point decreases with increasing C,
and eventually reaches an asymptotic value at high C. This
decrease in the value of 
 occurs because the heat released
by the adsorption of the product at the cold downstream sec-
tion of the reactor is convected away by the outgoing stream.
This heat loss increases with increasing C values, causing the
reactor extinction at lower 
.

Figure 10 shows that the RFR exhibits quasi-periodic states
in a region bounded by the loci of the quasi-periodic bifurca-

Ž .tions QP and QP that coalesce at a degenerate quasi-peri-1 2
Ž .odic bifurcation DQP , which is a singular point of codimen-

sion-2. In a quasi-periodic state the position and magnitude
of the two maxima in the temperature profile change slowly
between successive cycles. An increase in C dampens the am-

Ž .plitude of these motions as an increase decrease in the tem-
perature maximum in the RFR will increase product desorp-

Ž .tion adsorption , which in turn, partially counteracts the
temperature change. Figure 11 illustrates this damping in
magnitude of the amplitude of temperature oscillations as the
value of C is increased. Thus, the RFR does not attain any

Ž 3quasi-periodic states as C exceeds a critical value 5.7�10
.in this case . It should be pointed out that some very narrow

parameter regions with other dynamic features may exist close
to the QP bifurcation. These are, however, too small to be
shown on the map, and are mainly of academic interest.

Figure 12 shows three space-time figures illustrating the
impact of the adsorption capacity on the quasi-periodic mo-

Ž .tion of the RFR. When no product adsorption occurs Cs0 ,
the two temperature maxima move in opposite directions from
one side of the reactor to the other. When one of these max-
ima gets close to a reactor end, the heat losses by the wall
cooling and convection cause its extinction. When one maxi-
mum extinguishes, the second maximum splits into two pulses

Ž .moving in opposite directions behavior similar to backfiring .
This temperature pulse motion is quite similar to that of the

Figure 11. Influence of the dimensionless adsorption
capacity, C , on the quasi-periodic time se-
ries of the dimensionless maximum RFR
temperature, y : � =3205.max

symmetric period-1 state observed in cooled countercurrent
Ž .flow reactor by Garg and Luss 2001 . The space-time figure

for Cs2.6�103 indicates that the increase in adsorption ca-
pacity decreases the reactor maximum temperature and the
range of motion of the high-temperature pulses. When C is
increased to 5.46�103, the motion of the two pulses is
strongly limited and its time average is very similar to that of
a period-1 motion with two temperature peaks.

One of the surprising features of the dynamics of the RFR
with product adsorption is that for some parameter values
three stable, qualitatively different quasi-periodic states exist
for the same operating conditions. Figure 13 shows the
Poincare maps of three such states attained for the same set´
of parameters. These maps show the dependence of averaged
difference between the dimensionless temperatures in the
right and left half of the RFR

1r2 1w x w x w x
 y n s2 y n ,� d� y y n ,� d� ,H Ha®
0 1r2

ns1, 2, 3, . . . 20Ž .
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Figure 12. Influence of the adsorption capacity on the
quasi-periodic space-time temperature mo-
tion: � =3205.

w xon y n , the dimensionless temperature at the reactor centerc
after n flow reversals. The initial conditions determine which
of the three is attained. Previous studies by Rehacek et al.
Ž .1998 found that an RFR can attain two stable period-n

( ) (Figure 13. a Poincare map of a chaotic state, and b,´
)c, and d three qualitatively different

quasi-periodic states: u=0.6 m/////s, t =300 s,c
and � =3,900.

states, with different n. However, this is the first report of
the existence of three quasi-periodic states in an RFR. Since
no theoretical guidance exists on how to find all the possible
states with complex dynamics, we cannot rule out the possi-
bility that an even larger number of states with qualitatively
different dynamic features exist.

We used numerical dynamic simulations to find the range
of parameter values for which the branches of the complex

Ž .states exist Figure 14 . We were not able to determine which
bifurcations lead to the emergence and disappearance of the
various branches, or how these branches are connected. Fig-
ure 14 shows that a chaotic state exists when the product
adsorption is small or does not occur. The Poincare map of´
such a chaotic state is shown in Figure 13. A branch of

Ž .quasi-periodic states type b in Figure 13 emerges at Cs1�
103 and is transformed at Cs3.48�104 to a symmetric pe-

Ž .riod-1 state QP-S bifurcation . The Poincare maps of the´
quasi-periodic states of type b are symmetric about the ab-
scissa. At Cs2.9�103 the chaotic state bifurcates and is

Figure 14. The range of the adsorption capacities for which various branches of states shown in Figure 13 exist.
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Ž . 3transformed to a quasi-periodic state type c . At Cs3.1�10
Žan additional branch of quasi-periodic states emerges type

.d . Poincare maps of the quasi-periodic states of type c and d´
are shown in Figures 13c and 13d, respectively. Note that the
Poincare maps of both these states are asymmetric around´
the abscissa. The existence of type-c or -d states implies the
existence of two additional quasi-periodic states, the Poincaré
maps of which are mirror images of those of type c and d. At
Cs4.2�103 branches c and d coalesce into a quasi-periodic

Ž .state type e that has a symmetric Poincare map. This branch´
is annihilated at Cs9.4�103.

Figure 14 indicates that there is a bounded range of C
Žvalue in which either a chaotic or a quasi-periodic state type

.b is obtained, depending on the initial conditions. In addi-
tion, there are ranges of adsorption capacities in which either

Ž . Ž .one type b , two types b and either c or e , or even three
Ž .types b, c, and d different quasi-periodic motions exist.
When more than one stable quasi-periodic states exist, the
initial conditions determine which is obtained.

Discussion and Conclusions
The product adsorption in an RFR in which the reactant

conversion is high may lead to large variations in the tempo-
ral effluent concentration. Using a dilute reactant feed, the
adsorbed product concentration is lower than that of the re-
actant following a flow reversal. However, it later exceeds that
of the reactant. The effluent product concentration can be
increased by increasing either the dimensionless adsorption
capacity, C, or the cooling capacity, 
. In order to maximize
the increase in the effluent product concentration, it is usu-
ally desirable to operate the RFR with long switching times.
This large temporal change in the product concentration can
be exploited to obtain an effluent with a high product con-
centration.

The product adsorption increases the convective heat loss
from the RFR by the effluent. This decreases the range of
cycle times for which the reactor attains an ignited state. Thus,
product adsorption may necessitate shortening the switching
time in order to maintain an RFR in an ignited state. This
impact of the heat loss can be decreased by placing an inert,
nonadsorbing material at both ends of the reactor to recover
the lost heat. This mode of operation was not considered in
any of the examples presented here.

The map in Figure 10 shows that the range of 
 for which
an RFR exhibits quasi-periodic states decreases with an in-
crease in C. In general, product adsorption reduces the re-
gion of operating conditions in which states with complex dy-
namics exist under cooling, which may destabilize the sym-
metric period-1 states. While the existence of states with
complex dynamics is of academic interest, one wants to keep
them from occurring in practice. We conclude that product
adsorption increases the robustness of the RFR operation.

Ž .Rehacek et al. 1998 have shown that under cooling an
RFR can attain two different stable period-n states. We found
that under product adsorption the RFR can have three stable
states with different complex dynamics. This is the first find-
ing of such behavior in a chemical reactor. As there is no
systematic procedure for finding all the possible complex
states, we cannot guarantee that we found all the possible
ones. Unfortunately, we were unable to determine the bifur-

cations leading to the appearance or annihilation of the vari-
ous branches of solutions. It would be highly interesting to
determine these and the relations among the various branches
of these complex states.
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Notation
a sspecific internal particle surface area, m2rm3

s React

a sspecific external particle surface area, m2rm3
® React

a sspecific reactor wall surface area, m2rm3
W React

Ž .B y stemperature dependence of reaction rate
csconcentration, molrm3

c sfeed reactant concentration, molrm3
A0

c sconcentration of product adsorbed on the support, molrm2
ads
Csdimensionless adsorption capacity

2Dseffective gas-diffusion coefficient, m rs
DasDamkohler number¨
E sactivation energy, Jrmol�

h sheat-transfer coefficient between fluid and catalyst,
Ž 2 .Wr m �K

y
 Hsheat of reaction, Jrmol

 H sheat of adsorption, Jrmolads

k smass-transfer coefficient, mrsc
Ž 2 .k sdesorption frequency factor, molr m � sD

k sfrequency factor, 1rs�
Ž .k T sreaction rate constant at temperature T , 1rs0 0

Ž 2 1r2 .Ksadsorption constant, kgr m � s �K
Lsreactor length, m

LesLewis number
Msdimensionless mass-transfer parameter
M smolar mass, kgrmoli
p spartial pressure, Pai
Qsadsorption capacity, molrm2

Surf
Ž 3.rsrate of reaction, molr s �m

Ž 2 .r srate of adsorption, molr m � sads
Ž 2 .r srate of desorption, molr m � sdes
Ž .Rsuniversal gas constant, Jr mol �K

sssticking probability
tstime, s

Ž .t shalf-cycle time one flow reversal , sc
t smaximum flow period before which the RFR extinguishes, sce
Tstemperature, K
ussuperficial velocity, mrs

Ž 2 .u swall heat-transfer coefficient, Wr m �KW
xsdimensionless concentration

x sdimensionless exit gas-phase product concentrationpL
ysdimensionless temperature
zsaxial position, m

Greek letters
	sdimensionless adiabatic temperature rise for reaction

	 sdimensionless adiabatic temperature rise for adsorptionads

scooling capacity
�svoid fraction

 sdimensionless activation energy


 sdimensionless activation energy for desorptiondes
�sdimensionless adsorption constant

Ž .�seffective thermal conductivity, Wr m �K
Ž .� ssolid thermal conductivity, Wr m �Ks

� sdimensionless axial position
Ž 3 .�c svolumetric heat capacity, Jr m �KP

� sdimensionless reference time
� sdimensionless time

� sdimensionless time at which exit product concentrationx pL
reaches a particular value
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�sfraction of adsorption sites occupied
� 2sheat-transport modulush
� 2 smass-transport modulusm

Indices
Asgas-phase reactant
cscoolant
gsgas phase
isgas-phase product in equilibrium with the adsorbed phase

Psgas-phase product
sssolid phase
0sfeed
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Appendix: Construction of Bifurcation Diagrams
The bifurcation diagrams and maps were constructed by

the continuation method described in detail by Khinast et al.
Ž .1998 . Here we briefly describe the application of that pro-

Žcedure to our problem. The set of the model ODEs Eqs.
.1�4 is solved to find a symmetric period-1 state by the

method of solving the temporal boundary condition that was
Ž .proposed by Gupta and Bhatia 1991 :

F ss g � s0 y g � s1 s0. A1Ž . Ž . Ž .˜

Here g is a vector of spatially discretized state variables, and
the tilde denotes mirror reflection, that is, it maps � into
1y� .

The stability of a symmetric periodic state is determined by
finding the eigenvalue spectrum of the monodromy matrix,
M s, for a semicycle

� g � s1Ž .ĩs sM s m s . A2Ž .� 4i , j ½ 5� g � s0Ž .j

A periodic state is stable if all the eigenvalues of the mon-
odromy matrix lie within a unit circle in the complex plane,
otherwise it’s unstable. At the limit point of a symmetric state,
one eigenvalue of M s crosses the unit circle at �sq1. A
symmetric state undergoes a symmetry loss bifurcation when
�sy1 is an eigenvalue of M s. A bifurcation from a periodic
state to a quasi-periodic solution occurs when a complex-con-
jugate pair of eigenvalues of M s crosses the unit circle.

Ž .Khinast et al. 1998 showed that at a bifurcation from
symmetric period-1 states

�© s© � s1 A3Ž . Ž .˜0

where © is the eigenvector of the Jacobian of the residual0
functions F s. The different bifurcations can be found by solv-
ing Eqs. 1�4 along with Eq. A3 for the value of �, depending

Ž . Žon the bifurcation of interest. The vector © � s1 where ©
w x.s ® ® ® ® is the solution of the linearized modelx x � yA P

equations integrated over a semicycle, that is, the solution of

� ® � ® � 2 ®� f 1x x xA A Aq y 2 2� �� Da �� � ��m

� B yŽ .
qB y � ® q x � � ® s0 A4Ž . Ž .x A yA � y

� ® � ® � 2 ®� f 1 Mx x xP P Pq y q ® y®Ž .x x2 2 p i� �� Da �� Da� ��m

� B yŽ .
yB y � ® y x � � ® s0 A5Ž . Ž .x A yA � y

C � ® M� y ® y® s0 A6Ž . Ž .x xP i� �� Da
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� ® � ® � 2 ®Le 	 � C � ® f 1y y yads �y q y y	 � B y � ®Ž . x2 2 A� �� � �� Da �� � ��h

� B yŽ .
y	 � x � ® q
 � ® s0, A7Ž .A y y� y

subject to the spatial boundary conditions

� ®Da xA �s® A8Ž .�s0x2 A���m � s 0

� ®Da xP �s® A9Ž .�s0x2 P���m � s 0

� ®Da y
�s® A10Ž .�s0y2 ���h � s 0

� ® � ® � ®x x yA Ps s s0, A11Ž .
�� � x � x � s1� s1� s1

where

� B y a k 
Ž . ® cs � � B y , A12Ž . Ž .2� y a k qk exp y
ryw x yŽ .® c �

and the initial condition

© � s0 s© . A13Ž . Ž .0

Since an eigenvector is defined only up to a multiplicative
constant, we set the norm of the vector to be an arbitrary
constant. This condition serves as an additional defining
equation.

For the numerical calculations the PDE system is dis-
Ž .cretized on an equidistant grid Method of Lines , and the

Žresulting system of ordinary differential equations ODE
.system is solved by a standard implicit solver, LIMEX

Ž .Deuflhard et al., 1987 , for stiff initial-value problems. The
spatial boundary values are included in the discretized func-
tion. An internal test has shown that a grid of 101 points
provides sufficient accuracy at a reasonable computational
effort. A shooting algorithm is employed to solve the bound-
ary-value problem in time. Broyden’s quasi-Newton-algorithm
Ž .Broyden, 1965 is used for the resulting root-finding prob-
lem.

Calculation of loci of different bifurcations was done using
Ž .pseudo-arc-length continuation technique Keller, 1977 . In

this method the solution of one step is extrapolated to find
an initial guess for the next step, and the corresponding
quasi-Newton-matrix is used as the initial value for the next
Broyden iteration. This procedure is significantly less expen-
sive than the calculation of the monodromy matrix and the
calculation of its eigenvalues at every step. However, the
Monodromy matrix and the Floquet multipliers were calcu-
lated for some steps in order to check the validity of the sta-
bility predictions.
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