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The study of spatial structures in heterogeneous reactors is a challenging academic
topic, revealing patterns that differ from those known to exist in reaction-diffusion sys-
tems exposed to uniform conditions, as well as a practical problem that should affect
design and operation procedures of commercial reactors like the catalytic convertor.
Experimental observations and mathematical models of spatiotemporal patterns in
high-pressure catalytic reactors are reviewed. Patterns in high-pressure reactors, in which
thermal effects provide the positive feedback, as well as the long-range communication,
usually emerge due to global interaction. Patterns are classified comprehensively by con-
sidering reactors of increasing degree of complexity: a wire or ribbon exposed to uniform
conditions, a globally coupled catalyst in a mixed reactor or in a control loop, and a
fixed bed in which interaction by convection occurs only in one direction. Catalytic
wires are not expected to exhibit sustained patterns in the absence of global interaction.
Global interactions by external control or gas-phase coupling are shown experimentally
and analytically to induce a rich plethora of patterns. Complex motions were simulated
to occur due to the interaction of convection, conduction and reaction in a fixed-bed;
only a few of these patterns were experimentally observed. Directions for future research

are suggested,

Introduction

Multiple steady states and periodic or aperiodic time-de-
pendent solutions were demonstrated in numerous studies of
catalytic and electrochemical reactions (see reviews by Shein-
tuch and Schmitz, 1977; Pismen, 1980; Razon and Schmitz,
1987; Hudson and Tsotsis, 1994; Ertl, 1990; Schuth et al.,
1993; Imbihl, 1993; Slinko and Jaeger, 1994). While the inter-
action of diffusion and nonlinear kinetics is known to induce
a plethora of spatiotemporal patterns, the identification of
patterns observed in heterogeneous reactors is still ambigu-
ous in many cases, partly due to experimental difficulties and
nonuniformity of the system properties. The study of spatial
structures in heterogeneous reactors is a challenging aca-
demic topic, revealing patterns that differ from those known
to exist in reaction-diffusion systems exposed to uniform con-
ditions, as well as a practical problem that should affect de-
sign and operation procedures of commercial reactors like
the catalytic convertor. Oscillatory behavior has been ob-
served during the oxidation of carbon monoxide, hydrogen,
ammonia, hydrocarbons, alcohols, ethers, and formic acid, as
well as during nitrogen monoxide reduction by ammonia or
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carbon monoxide and the hydrogenation of carbon monoxide
or ethylene (see the previously cited reviews for citations of
these oscillators). The catalytic convertor, as well as other
pollution-abatement processes, employs noble-metal catalysts
in order to oxidize carbon monoxide and hydrocarbons and
to reduce nitric oxide to harmiless products.

This work reviews experimental observations and mathe-
matical models of spatiotemporal patterns in high-pressure
catalytic reactors, along with the relevant analytical resuits
and methods. While pattern formation is a classic problem of
diffusion-reaction systems, and has been demonstrated in nu-
merous studies of liquid-phase oscillators (e.g., the Belousov
Zhabotinski reaction), pattern formation in high pressure-
systems is distinctly different. In high-pressure reactors ther-
mal effects provide the positive feedback as well as the long-
range communication, and thermal patterns usually emerge
due to the external control or the interaction of the catalyst
with a mixed fluid phase. Our current understanding of cat-
alytic oscillators suggests that they are governed by the inter-
action of a fast and long-range autocatalytic variable (typi-
cally, the temperature) with slow and localized changes in
catalytic activity. Such one-dimensional systems are excitable
but are unlikely to exhibit sustained spatiotemporal patterns
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in the absence of global interaction. This review therefore
focuses on the interaction of the fluid phase, through which
the reactants are supplied, and the reactive solid phase. This
interaction may produce patterns under conditions that, in
the absence of such interaction, induce homogeneity in the
catalyst phase. Experimentalists have tried to minimize this
interaction by increasing the fluid flow rate into the reactor,
or by applying control to the gas-phase concentration. This
interaction may be significant even under these conditions, as
evident from recent analysis (Levine and Zou, 1993; Mertens
et al., 1993) of patterns observed by Ertl’s group (see Lauter-
bach and Rotermund, 1994b, and Veser and Imbihil, 1994)
during low-pressure oxidation of CO.

Heterogeneous reactors admit several other unique fea-
tures that are described below:

e Heterogeneous reactors have a hierarchical structure: a
catalytic site, a crystallite, a pore, a pellet, and a reactor. Each
of these levels of organization may be assumed to be spatially
homogeneous, while patterns appear only on a larger scale.
Communication on a large scale is poorer, as certain species
cannot diffuse: adsorbates may diffuse and transmit informa-
tion only on a continuous-surface, gas-phase species diffuse
only in the pore, or pellet and interpellet communication is
limited to heat conduction. The dependence of the global dy-
namic behavior on the nature of the local dynamics (phase
plane) repeats itself on various scales. The question that we
would like to answer is the following: If each crystaliite (or
pellet) can exhibit bistability or oscillatory behavior, how many
solutions and what patterns are possible for the pellet (or
reactor)?

e Nonuniformity of properties, like catalyst loading and
transport coefficients, are common to catalytic systems and
cause ambiguity in the identification of many experimentally
observed spatial patterns. Such nonuniformities occur not
only because of technical difficulties but may arise naturally.
The catalytic activity of edge and corner sites usually differs
from that of regular surface sites, and defect sites may affect
the behavior of the whole system. Recent observations made
with a catalyst that exposes several crystal planes showed wave
inception at the plane boundaries and their propagation
through the surface; the system (a field emitter tip, which
comprised several low-index crystal planes separated by plane
boundaries) exhibited self-sustained oscillations, while the
low-index single crystal always reached a steady state (Goro-
detskii et al., 1994).

e Boundary conditions that apply to many heterogeneous
reactors are different from the no-flux or fixed stcady-state
conditions commonly employed in models of reaction-diffu-
sion patterns. While this difference may not be significant for
patterns with a large wave number, most reported patterns in
catalytic systems typically show one or few fronts.

e Many studies into complex dynamics or patterns employ
external control aimed at maintaining constant (in time and
space) operating conditions like temperature or reactant con-
centration. While the fluid phase is mixed and can, in princi-
ple, be controlled to attain such conditions, the solid phase
cannot be mixed and control can be applied only to a spa-
tially averaged property. That, in turn, may induce symmetry
breaking and pattern formation.

These features apply to catalytic and electrochemical reac-
tions as well as to gel or membrane reactors, which are cur-
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rently used to study the BZ, the CIMA (chlorite-iodite-
malonic acid) or other liquid-phase oscillatory reactions.

The scope and structure of the review are as follows: In
the next section we write a general model that accounts for
the fluid and solid phases and their interaction, in order to
show how it differs from the classic reaction-diffusion model
usually considered in the literature (Fife, 1979). The third
section outlines the methodology employed here. In subse-
quent sections we present the main results of these models
for common catalytic reactor geometries using three typical
lumped characteristics kinetics: bistable, oscillatory, and ex-
citable. We compare these results with those of simple reac-
tion-diffusion systems and corroborate them, when possible,
with experimental results. We do not elaborate on the de-
tailed kinetics of bistable or oscillatory catalytic reactions.
While the mechanism of oscillatory high-pressure reactions is
still debated, it is clear that these instabilities are due to au-
tocatalytic thermal effects, autoinhibition by a reactant, and
slow reversible changes of catalytic activity. Several reviews
of catalytic oscillatory kinetics under high pressure (Razon
and Schmitz, 1987; Schuth et al., 1993; Slinko and Jaeger,
1994) as well as under low pressures (Ertl, 1990; Imbihi, 1993)
are available. We do not review the magnificent patterns ob-
served on single crystals at low pressures and fixed tempera-
ture, as those have been reviewed extensively (e.g., Imbihl,
1993); we cite a few such patterns, however, when they are
accounted for by interaction with the fluid phase and have
direct bearing on anticipated high-pressure patterns.

Heterogeneous Reactor Models

We write now a general heterogeneous model of a one-di-
mensional catalytic reactor and divide its description into
three components: the fluid phase, the solid phase, and the
nature of their interaction. Within each component we pre-
sent several simple asymptotes and condense the information
into a simple qualitative model that captures most of the fea-
tures of the original model.

Fluid phase

The general fluid phase balance is a conventional axial-dis-
persion model of a reactor with heat and mass transfer re-
sistance, except that we allow for a heat sink or a mass source
(e.g., a cross-flow reactor), so that the fluid-temperature (7)
or reactant concentration (Cy;) may not be monotonic. The
balances typically account for accumulation, convection, ax-
ial-dispersion, transport to the solid phase, and heat loss by a
coolant or by an endothermic reaction (at a rate of Sy) and
reactant supply by transport through a membrane wall or by
a preceding reaction (at a rate of S per unit reactor volume).
Using conventional notation, the model can be written as

S(T;,Cp)
pCps

DeT hAV

— T ="
pCpy PCpy

&Iy, + VT, , — (T,-T)

€,Cri +VCsi, — D,iCpi o, = — kA, (Cpi = C) + Sc(T;,Cy)

o))

subject to the conventional (Danckwerts) boundary condi-
tions (Froment and Bischoff, 1990),
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i Cf, z(L = 07 (2)
where T is the solid-phase temperature and C; is the concen-
tration within the pores, or the boundary layer of the catalyst
phase.

Mixing Asymptotes. The fluid phase balance can be re-
duced to several convenient forms that are considered in this
review:

o Plug-Flow Reactor. When axial mixing is negligible, the
fluid phase is described by the PFR equation (D; = 0. Infor-
mation is transmitted quickly downstream by convection,
while upstream communication is limited to slow-moving
fronts in the solid phase.

o Mixed Reactor. When mixing is good (or axial disper-
sion terms, D,;/VL, are large), spatial gradients are negligi-
ble but the fluid phase properties differ from those of the
inlet. The fluid-phase balance can then be integrated to ob-
tain the CSTR asymptote

T, - T, hA S:(T:,C,)
T, — f _ V(@—(T))—L
’ T PCps PCps
Ci~C i -
€,Cpiy — = kA (Cp ~(C)+ ST}, Cp),

T

r

3

where 7, is the residence time and () denote space-average
properties of the solid phase.

® Membrane Reactor. When reactants are supplied and
products and enthalpy are removed only through the reactor
walls, while axial-flow is negligible (V' =0), the reactor may
achieve a homogeneous solution at (7}, C;) values that nullify
the right-hand sides of the enthalpy and mass balances. The
dispersion terms are actually Fickian diffusion terms now.
Note that this membrane-reactor asymptote is usually not
considered in the reaction-engineering literature but, as we
show, it can lead to stationary fronts and patterns.

o Homogeneous Axial Dispersion Reactor. 'This asymptote,
which was a subject of extensive investigation in the 1970s
and 1980s, applies when solid-to-fluid gradients are negligi-
ble (i.e, T =Ty and C; = Cy;) and the nonlinear reaction rate
can be expressed in terms of the fluid variables r(Tf,Cf). Its
CSTR asymptote has been known to exhibit steady-state mul-
tiplicity and oscillatory behavior for many years now, while
the plug-flow reactor (PFR) model cannot predict these be-
haviors. Steady-state multiplicity and oscillatory behavior can
be predicted by the axial-dispersion model with a sufficiently
large ratio of axial diffusion to convection terms (ie., large
Pe = D,/VL); the existence of periodic motion requires also
that the ratio of thermal and mass axial-dispersion terms be
in a certain range (see Puszynski et al., 1981; Jensen and Ray,
1982a). We do not analyze the homogeneous model, but sev-
eral reviews of these results are available (Hlavacek and Van
Rompay, 1981). It is currently believed that this model can-
not account for observations of catalytic oscillations, since in-
stabilities have been observed on a single crystal, pellet, or
wire even in the absence of interaction with the gas phase.
Furthermore, for reasonable values of parameters the axial
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dispersion model predicts oscillations that are much faster
than those observed experimentally. Recent analysis by
Ivanova (1990) and Volodin et al. (1990) showed the variety
of spatiotemporal behaviors in a two-dimensional slice of a
fixed-bed reactor described by a homogeneous model. The
recently suggested mechanism of DIFICI (differential-flow-
induced chemical instability; Rovinsky and Menzinger, 1992)
can be interpreted in terms of either a heterogeneous or ho-
mogeneous model, and is discussed below.

Thermal Asymptotes. The thermal balance can be reduced
further to the following convenient forms:

e In an adiabatic reactor with a single reaction it is possi-
ble, under certain conditions (e.g., see Shvartsman and
Sheintuch, 1995), to derive invariant relations between the
fluid temperature and concentrations.

e When heat transfer to the reactor wall is good or when
the fluid heat capacity is large, the fluid phase may be con-
sidered isothermal even under conditions when the solid- to
fluid-temperature gradient is significant. Although this
isothermal-fluid model has only rarely been considered in the
literature, it is a limiting asymptote of the general non-
isothermal heterogeneous-model of a catalytic reactor. While
this asymptote may not readily apply to commercial-size reac-
tors, it describes well laboratory reactors in which the fluid
temperature is controlled to meet a certain setpoint. The
isothermal-fluid reactor model was recently employed to ac-
count for moving-pulse patterns observed during hydrogen
oxidation on a Ni-ring placed in a mixed-fluid reactor (Mid-
dya et al., 1994a; Graham et al., 1993b).

e When enthalpy effects are negligible, or heat removal
from both phases is excellent, the reactor may be truly
isothermal.

Solid phase

The solid-phase enthalpy balance accounts for accumula-
tion, conduction, reactive heat generation, and transport to
the fluid phase

2 (—AH)I'(T,CI-,B,',O*)
T, — LTTzz =

T —(T-T) @&

subject to no-flux boundary conditions at its edges. The ther-
mal relaxation temporal scale, 7 =( pc,),/ha,, is typically 1
s, in order of magnitude, and is much smaller than the
characteristic time scale of the activation or deactivation
processes. The latter determines the period of the oscilla-
tions. The characteristic thermal diffusion length in the solid
phase, L;=(A/ha,)*? is much smaller than the reactor
length. The rate depends on temperature (7') and on the
fraction of active surface area (6*), as well as on reactant
concentration at the surface (C;) or at the absorbed layer
(6,). The catalyst mass balances describe the change of con-
centrations within the catalyst pores or in the boundary layer
adjacent to it. These balances are quite similar to the en-
thalpy balance

, a,;r(T,C;,6,,0%)
7€, LeCyp = - s (O G, (5
v
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except that the diffusion term just cited is limited to intrapel-
let communication and cannot describe the interpellet mass
transfer, unless the catalyst is in the form of a continuous
washcoat. Typically, the mass-balance is established much
faster than the enthalpy balance, while the diffusion length is
smaller than the conduction length. Thus, if the solution to
the mass balance is single valued, it may be substituted into
the enthalpy balance. That may not be possible when r(C) is
not monotonic. The balances over the adsorbed species ac-
count for accumulation, diffusion—which is also limited to a
continuous catalytic layer like a surface or a foil—and chemi-
cal reactions

6, — L6, = f(T,C,;, 0, 6%), ()]

irYis

where f; accounts for adsorption, desorption, and reaction
steps. Again, this balance is of importance only when
fAT,C,8,6*)=0 is multivalued within a certain domain of
parameters.

The catalyst activity (8*) changes slowly. The nature of the
slow variable, in general, has to be specified for each oscilla-
tor. For an extensive review of the chemistry of catalytic os-
cillators, see Schuth et al. (1993) and Slinko and Jaeger (1994).
The mechanism of reversible oxidation and reduction of the
surface has received most of the experimental support as the
explanation of the slow step during oscillations under atmo-
spheric conditions. The rates of oxidation and reduction of
the catalyst are orders of magnitude lower than the rates of
surface reactions (typically, seconds '), which explains the
long oscillation periods and the time-scale separation. Non-
noble metals can undergo bulk oxidation and reduction, and
for such systems changes in activity were attributed to chang-
ing oxidation states of the catalyst; Kurtanjek et al. (1980)
measured the periodic variation of the work function during
hydrogen oxidation on Ni catalyst. Amariglio et al. (1989) vi-
sually observed thermokinetic oscillations during propene ox-
idation on copper oxides: in the extinguished state the
(red—orange) Cu,O catalyzed partial oxidation, while in the
ignited state the CuO (black) catalyzed complete combustion.
Turner et al. (1981) proposed that reversible oxidation of the
catalyst surface is responsible for oscillations during CO oxi-
dation on noble metal catalysts. Oxide formation during this
reaction was inferred from the in-situ IR study by Lindstrom
and Tsotsis (1985) and from solid electrolyte potentiometry
experiments (Vayenas et al., 1980). Recently, Hartmann et al.
(1994), using in-sint X-ray, showed that silica-supported Pt
clusters catalyzing CO oxidation underwent reversible oxida-
tion to PtO/Pt;0,. The mechanism of surface reconstruc-
tion, which is well-established for oscillations on single crys-
tals under low-pressure conditions, was ruled out. The smaller
clusters were oxidized more readily. This may explain the ob-
servation that the existence of oscillations on supported cata-
lyst depends on the particle size (Sant and Wolf, 1988). There
is clearly a necessity of linking the well-established mecha-
nisms of isothermal low-pressure oscillations, in which the
slow step has been found to be either surface reconstruction
(Ertl, 1990) or subsurface oxygen formation (Lauterbach et
al., 1993; Lauterbach and Rotermund, 1994a), with the non-
isothermal oscillations at atmospheric pressure conditions
(see, e.g., Zhdanov, 1993). Obviously, the higher oxygen pres-
sure accelerates the rate of surface oxidation. Reaction con-
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stants and activation energies that were determined at low
pressures on single crystals cannot be simply extrapolated to
high coverages and pressures since these parameters are cov-
erage dependent.

In all the mechanisms presented earlier, the inhibitor—the
fraction of the active surface area (6*)—is nondiffusing and
the general form of its balance is

0F =g(T,C,8,0%). ¢))

The solid-phase model (Eqgs. 4-7) describes a catalytic wire,
foil, or a fixed-bed exposed to uniform gas-phase conditions
(constant Tf,Cﬁ). In the nonisothermal model of exothermic
reactions, surface temperature is likely to be the activator,
while in its isothermal version it is the adsorbed species (6,).
The inhibitor—the fraction of the active surface area
(9*)—is nondiffusing. Spatial patterns are unlikely in such a
one-dimensional reaction-diffusion system: The system may
be excited to form traveling fronts or pulses, but they propa-
gate out of the reactor which, in the absence of control or
global interaction, eventually attains a uniform state.

Interaction

Pattern selection will be shown to be dominated by the
interaction of the catalytic and fluid phases and the sequence
of phase planes spanned in the reactor. The catalytic phase,
which is in the form of a fixed-bed or a washcoat on the
reactor wall, is mathematically similar to the wire problem,
but the interaction with convection in the fluid phase intro-
duces new motions and patterns. The fluid phase can be
described by a CSTR or a PFR balance in its asymptotic
case. We define the interaction to be symmetry-breaking
(symmetry-preserving) if local ignition or extinction at one spot
on the catalyst inhibits (accelerates) the same process in an-
other one. The interaction in nonisothermal beds depends on
the thermal regime. In an isothermal-fluid PFR, convection
induces symmetry breaking in reactions with positive-order
kinetics, while in adiabatic reactors convection inhibits asym-
metry. When ignition occurs at the inlet of an isothermal-fluid
reactor, it inhibits subsequent ignition of the outlet due to
the declining concentration; ignition at the inlet of an adia-
batic reactor will cause the fluid temperature to increase and
that, in turn, will induce an ignition process downstream. In
an isothermal bed, in which an oscillatory A + B - P reac-
tion occurs, the interaction is symmetry preserving when the
limiting reactant is rate inhibiting, while when a rate-accel-
erating reactant is limiting, the system tends to break the
symmetry (see the analysis by Shvartsman and Sheintuch,
1994). Similar rules of interaction apply to gas-phase cou-
pling in a mixed reactor (Middya et al., 1994a).

Condensed models

The model just outlined is too complex for qualitative anal-
ysis, and below we derive a minimalistic model that captures
the main features of the detailed model. Such models have
been extensively used to study nonlinear dynamics, and they
capitalize mainly on universal behavior of the system in the
vicinity of the Hopf bifurcation point (the Ginzburg-Landau
equation) or on large separation of time and length scales.
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We opt for the latter presentation, which describes well many
catalytic oscillators and which may admit propagating front
or pulse solutions. As we argued, many catalytic reactors can
be described by a single gas-phase variable (denoted by A be-
low), a single autocatalytic variable (activator, u), and a
slowly-changing (e << 1) and localized inhibitor (v). The con-
densed model takes the form

YA, + U, — 82, = g(u) (8a)
u,—u,, = flu,n,A) (8b)

1
:v, =h(u,v), (8c)

Typically, A is the fluid temperature in an adiabatic reactor
or the fluid concentration in an isothermal reactor; g(u) is a
certain rate law that depends on the state of the surface, and
U is a properly scaled fluid-velocity. No-flux boundary condi-
tions apply to Eq. 8b while the Danckwert’s conditions apply
to Eq. 8a. The temporal and spatial coordinates have been
rescaled so that the activator time and length scales are unity.
Typically, y <1, as the fluid heat-capacity, is much smaller
than that of the gas, and a pseudo-steady-state assumption
can be invoked. The autocatalytic nullsurface, f(u,v,A)=0,
should be fold- or cusp-shaped, while g(u) and h(u,v) may
be monotonic; for the sake of simplicity we ignore the de-
pendence of g on A and y and of & on A.

The fluid-phase model (Eq. 8a) can be reduced to the
asymptotic forms of the PFR (Pe = /UL — 0), membrane
reactor (MR) (U = 0), and CSTR (Pe — =) models. In the lat-
ter case the fluid is assumed to be well mixed, but the cata-
Iyst state is distributed. When the CSTR residence time is
small, the fluid-phase balance can be written as U(A,, — A) =
((g(w)) L, where () denotes a space-averaged value, or

A=(L/U)gy,—<gw))), 9)

with g, = A,,U/L. The solid phase is described by Egs. 8b
and 8c. In typical reactor problems there exists a linear rela-
tion between the fluid variable and {u). Middya et al. (1994a)
derived such a linear relation for an adiabatic or an isother-
mal-fluid reactor. They have analyzed the patterns possible
in the asymptote of large ratio of catalyst volume to flow rate
(infinite L/U), as well as patterns that emerge when L/U is
finite; the system is stable when L/U — 0. The case of infi-
nite L/U is identical to that of an external control that main-
tains a catalyst at {g(u)) =g, by varying A. The patterns
emerging in a controlled catalytic ribbon, which has been a
subject for extensive investigation, are anticipated to emerge
also in a catalytic reactor with a mixed gas-phase. Note that
in both PFR and CSTR cases (when y < 1) it is possible to
convert Eqgs. 8a and 8b into a single integrodifferential equa-
tion.

Recently, Rovinski and Menzinger (1992, 1993) suggested
the following condensed model to describe convection-diffu-
sion-reaction plug-flow systems

u,—Uu, —u,,=f(u,v) (10a)
o =h(u,v), (10b)
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This simpler model assumes that the activator solid to fluid
gradients are negligible, an assumption that does not usually
apply to high-pressure catalytic reactors, but may apply to a
bed catalyzing the BZ reaction. This model admits a homoge-
neous solution and the main results of its linear stability anal-
ysis and numerical simulations will be presented in the PFR
chapter.

Methodology

We organize the results according to the reactor geometry:
a catalytic wire or ribbon, a disc or foil, a distributed catalyst
within a CSTR and a packed bed. The first two geometries
are described by one- and two-dimensional reaction-diffusion
equations for which the theory is well developed. Within each
geometry we study the results for a single-variable bistable
model before analyzing the motion of two-variable systems
with bistable, oscillatory, or excitable kinetics. Within each
kinetic regime we review the relevant analytical results, the
experimental observations, and the ensuing mathematical
models.

We do not discuss in detail the experimental methodology
employed in the study of spatiotemporal concentration and
thermal patterns. Monitoring spatiotemporal patterns is a
complex experimental task since these patterns are not
amenable to visual inspection, as in the BZ and other liquid-
phase oscillators. Color changes have been employed for
monitoring spatiotemporal patterns during iron electrodisso-
lution (Hudson et al., 1993) and for following thermokinetic
oscillations during propene oxidation on copper oxide cata-
lyst. The observation of a glowing Pt wire during ammonia
oxidation was used to follow the front motion (Barelko et al.,
1978). Thermal patterns in catalytic reactors have long been
monitored by an array of thermocouples (e.g., Kapicka and
Marek, 1989; Onken and Wolf, 1988; Jaeger et al., 1986) or
by a moving thermocouple in a thermowell (Adaje and Shein-
tuch, 1990). Thermocouple probing is satisfactory for portray-
ing one-dimensional large-scale patterns (as in the fixed-bed,
Dvorak et al., 1993), but will not give a coherent picture in
two-dimensional systems and cannot be used for small-scale
measurements or thin wires (Chen et al., 1993; Cordonier and
Schmidt, 1989). Kaul and Wolf {1984} used the Fourier trans-
form infrared (FTIR) spectrometry to study the propagation
of ignition/extinction fronts during CO oxidation on sup-
ported Pt catalyst by measuring the IR spectra of selected
areas of the surface.

The recent progress in the study of catalytic patterns is
mainly due to the successful development of spatially resolv-
ing methods like IR thermography and photoelectron emis-
sion microscopy (PEEM). The first report on IR imaging of
catalytic reactions was made by the group of Schmitz (see
Brown et al., 1985, for the description of the experimental
setup). The imaging system uses IR-sensitive semiconductor
(InSb in the latter report) and achieves a spatial resolution of
~ 0.1 mm. IR thermography was successfully applied to study
thermal patterns on supported catalysts, in the forms of wafers
and pellets (Brown, 1985; Kellow and Wolf, 1990, 1991), as
well as on catalytic ribbons and disks (Lobban et al., 1989;
Lobban and Luss, 1989). Since the beginning of the 1990s,
PEEM has been the major tool for studies of spatiotemporal
patterns of catalytic reactions at pressures below 10™* mbar
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(Rotermund, 1993). The PEEM image is formed due to the
work function differences of catalyst areas covered by differ-
ent adsorbates: oxygen-covered areas look darker than the
CO-covered areas since chemisorbed oxygen causes larger in-
crease in the work function than CO. The spatial resolution
attainable with PEEM is 0.2 pm. The method has been use-
ful for the discovery of patterns during oscillatory CO oxida-
tion on the Pt(110) plane. This method, unlike the scanning
low energy electron diffraction, does not require well-ordered
single-crystal surfaces for its applications and was success-
fully applied in dynamic studies on polycrystalline catalysts
(Lauterbach and Rotermund, 1994b).

We emphasize the analysis and review of spatially continu-
ous (as opposed to discrete) models, since the size of the ex-
perimental system and even the characteristic length of the
pattern are usually large enough to warrant the use of partial
differential equations. Some analytical results and qualitative
understanding can be obtained by considering the behavior
of systems with a wide separation of time or length scales,
which are conditions that apply to many catalytic systems. Cell
models, which account for an array of coupled units (such as
sites, pellets, and mixed reactors), were applied to describe
interaction over several orders of length scales (Schmitz and
Tsotsis, 1983; Chang, 1983). Such presentation follows the pi-
oneering work of Turing (1952), and has been extensively em-
ployed to study interaction of coupled reactors and particles.
A proper discrete simulation of a distributed system requires
a large number of cells, since experience showed that a small
number usually leads to qualitative results that are depend-
ent on the system size.

Catalytic Wires and Ribbons

Uncontrolled systems: moving and stationary fronts in
bistable systems

Theory. Fronts may be sustained in a single-variable reac-
tion-diffusion (or conduction) one-dimensional system, like
wires or ribbons, that catalyzes a reaction with bistable kinet-
ics. The source of multiplicity may be thermal acceleration in
nonisothermal systems, reactant inhibition in an isothermal
continuous porous layer, or even isothermal multiplicity in a
surface that is free of any resistances. Single-variable systems
that are generally described by

u,— Liu,, = f(u; a) an

admit a moving front solution, in an infinitely long system,
that connects the two stable solutions (u ., u _) of the source
function (Figure 1I). Analytical solutions for front velocity
(Mikhailov, 1991) are available only in a few cases: When the
source function is cubic f(u)=(u_ —uMu—uXu—u,) the
front velocity and profile are

L, (u, + 2u;)
c—‘/z_Tu u,+u_-2u;)),
uyru_ (uy—u_)

u(z) = 7 T wgh(z/V2L). (12)

Hysteretic f(u, @) functions can sometimes be approximated
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Figure 1. Characteristic front profiles that emerge on a
catalytic wire.

With fixed activity and no-flux boundary conditions (I), on a
wire with varying activity (a) (II), and on a wire with heat-
loss at its edges (III). Stationary fronts are structurally un-
stable in case (I), but are stable in case (II), when activity
and thermal profiles are of similar inclination.

by a piecewise linear form using a Heaviside function [H(u)
=0 for u<0, Hu)=1 for u> 0]. The function and front
velocity then are (Mikhailov, 1991)

flu,a)=—u+u_+w, +u_YHu-u,);
L, u,+u_—2u;

A Vi@ —u ) u, —u) '

In the general case, in an infinitely long system, the front
reaches a constant shape and speed and the problem can be
cast in the frame of a moving coordinate, y = z/L, — ct/7,.
Finding the velocity corresponds to the eigenvalue problem
of finding the heteroclinic trajectory of the system

(13)

uX=p

px = CuX - f(u) (14)

that connects the two saddle points (x_,0) and (u_,0). The
front is stationary when

/ "+““:’f(u; ) =0, (15

_Aay

where a is a certain (say, kinetic) parameter and (u_,u.)
are the two stable solutions of f(u, a,) = 0. Thus, stationary
fronts are structurally unstable in one-variable systems, and
their locus in the parameter space separates domains with an
expanding upper or lower state. An approximate solution for
the front velocity was suggested by Sheintuch (1990b) in the
form
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Figure 2. Intersection of heat-generation and heat-re-
moval curves for a positive-order exothermic
reaction and the corresponding stable (bold
lines) branches.

In an uncontrolled (a) or controiled (b) uniformly active wire
or in a wire with varying activity (c), or when heat loss at the
edge is significant (d).

;’;w —4£,0) +4[UP =410

1 ",
=T—7f fuw)du (16)
U, —u_) “u_

with Uy = c7,/L,,.

The steady-state solution of an exothermic reaction is com-
monly presented as the intersection of the heat-generation
Q,=(— AH)r and the heat removal lines Q, = h(T — Ty)ay,
(Figure 2a). Stationary solutions in a uniform long catalyst
exist only for a certain set of parameters for which the areas
bounded by these two lines are equal (when Eq. 15 is satis-
fied with f= 0, — O,; see Pismen, 1980). To find the condi-
tions (7}) that correspond to a stationary front, we adjust the
ambient temperature, by displacing the heat removal line
parallel to itself, to satisfy Eq. 15. In general, however, either
the ignited (upper) or extinguished (lower) state will be more
stable (Figure 2a) and the system will eventually achieve ho-
mogeneity. Varying a parameter (say 7;) will then result in a
simple hysteresis curve (Figure 3, bold line) bound by the
limit points of ignition and extinction.

Observations. Barelko et al. (1978) measured the front ve-
locity, separating the ignited and extinguished state of a resis-
tively heated (with a constant current) Pt wire catalyzing am-
monia oxidation, by recording the wire resistance and by pho-
tographing the glowing wire. For a sufficiently low or high
current the extinguished or ignited zone expanded, as ex-
pected from theory. But, contrary to the prediction of the
single-variable model, Barelko et al. found an intermediate
domain where structurally stable stationary fronts exist: that
is, the front could be placed at will at almost any position
(Figure 4a). Recently, Philippou et al. (1993) reproduced this
experiment on a Pt ribbon using resistance measurements and
IR thermography for monitoring the thermal profile (Figure
4b). They showed that in the intermediate regime the front
was not stationary, but moved at a considerably smaller ve-
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Figure 3. Bifurcation showing the dependence of aver-
age catalyst temperature on the equivalent
fluid-temperature (which accounts for resis-
tive heating) and the corresponding stable
branches in a wire subject to one of three
modes of control.

Constant current yields the regular hysteresis curve, while
constant resistance or constant voltage control may stabilize
a stationary front (vertical line).

locity. These observations suggest that a single-variable reac-
tion-diffusion model cannot account for these results, as it
lacks a mechanism for arresting or slowing the front.
Nonuniform Systems. We consider below the effect of
space-dependent parameters (e.g., catalytic activity) and of
boundary conditions of the Neuman form. We show first that
a nonuniformity in parameters can create structurally stable
stationary fronts. (We use the term “nonuniformity” of pa-
rameters to distinguish it from inhomogeneity of the solution;
by almost homogeneous solutions we imply that the whole
system is at a state that belongs to the same, upper or lower,
branch.) Suppose that parameter a in Eq. 11 is space de-
pendent, a = a(z), but monotonic, and that a stationary front
exists for certain «,, which is within the range spanned by
a(z) and it occurs at a certain z, (Figure 1, curve II). Now,
we can place the front at z, so that the parameter (a) and
the variable (u) profiles show a similar (curve II) or opposite
inclination (not shown). In the latter case, if the front is per-
turbed to a new position with & > a, the upper state is more
stable and it will expand until the front moves out of the
system. In the former case, however, the front will move back
toward its stationary position and the front is stable (Figure
1, curve II). If we change the operating condition now (say, Ty
or C;) and try to obtain a bifurcation diagram, we find that
the front will move to a new position where the activity satis-
fies the stationarity condition. Analysis of such a system shows
that the wider the domain of nonuniformity, the larger the
domain over which stationary fronts exist. To show that, let
us denote the Q, curves of the largest and the smallest activ-
ity with «, and a_ (Figure 2c). Obviously, an ignited or
extinguished state cannot exist unless ha, (T — T;) intersects
the upper (lower) branch of all Q(T,a) curves with a €
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Figure 4. Thermal front propagation on a Pt catalytic wire or ribbon during ammonia oxidation.

(a) Front velocity dependence on ambient temperature and reactant concentration (1% (line 1), 2% (2), 3% (3), 5% (4), and 8% (5)
ammonia; after Barelko et al., 1978). (b) Transient temperature profiles observed with 1% ammonia using IR thermography. Reproduced

with permission from Philippou et al. (1993).

(a_, a,). When that is not possible (as in Figure 2¢), a sta-
tionary front must be established.

The preceding analysis was limited to zero flux boundary
conditions. In an actual catalytic wire, which is connected to
two inactive ports at its edges, the boundary conditions should
account for some heat loss through the ports. With high heat
loss the edge temperature should approach the ambient one.
Suppose now that the activity is uniform but the edge condi-
tions specify that T = T _. If the system lies at an ignited state,
outside the domain of steady-state multiplicity, the edge ef-
fect will be limited to a narrow transition zone. In the do-
main where the ignited state is more stable, the front con-
necting 7_ and T, cannot propagate inward, and again will
lie close to the edge. However, when the lower steady state is
more stable, this front will conquer the whole surface (Figure
1, curve IID); thus, under these conditions an ignited homoge-
neous state cannot be sustained, while it can be sustained in
a wire with no-flux boundary conditions. The resulting bifur-
cation diagram is shown in Figure 2d. Similar results are ex-
pected when the edge temperature lies even below 7T _.

Uncontrolled systems: excitable and oscillatory
(two-variable)

Theory. The emergence of patterns in catalytic reactions
is surprising since, as discussed earlier, our current under-
standing suggests that catalytic oscillators are governed by the
interaction of a fast and long-range activator (the catalyst
temperature) with a slow and localized inhibitor (Sheintuch
and Pismen, 1981). That is contrary to most mathematical
models of reaction-diffusion systems that, following Turing’s
classic analysis, predict pattern formation with a short-range
activator and a long-range inhibitor. The length scale of in-
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hibitor is set to be larger than that of activator by assigning it
either higher diffusivity, a lower pseudo-first-order rate con-
stant, or both. An inhibitor, with a sufficiently long length
scale, senses changes in the front position and may counter-
act and arrest its motion. Such a mechanism can account for
the front behavior observed during ammonia oxidation. The
same mechanism induces pattern formation in an endother-
mic reaction of autoinhibitory (e.g., Langmuir—Hinshelwood)
kinetics catalyzed by a wire or a ribbon (Hefer and Shein-
tuch, 1986; Sheintuch and Hefer, 1988). This problem is de-
scribed then by a two-variable one-dimensional model and
reactant concentration is the short-ranged autocatalytic vari-
able, while the long-ranged catalyst temperature is the in-
hibitor. In most high-pressure exothermic catalytic systems,
however, the catalyst temperature is the activator (&) and its
length scale is larger than that of the inhibitor (), which is
believed to be a slowly changing surface concentration. Such
systems are typically of the form

an

Uy — U, =f(u,u)
1fev, = glu,v),

where € =1,/7,, the ratio of time scales, is usually a small
parameter and f(u,v) =0 is a multivalued curve. The relative
disposition of the nullcurves is usually classified as excitable,
when the steady state is locally stable but excitable (Figure
5a), as oscillatory, when the steady state is unstable (Figure
5b), and as bistable (Figure 5c). The system may admit a trav-
eling pulse solution or homogeneous oscillations, in a uni-
form one-dimensional medium, and is unlikely to exhibit sus-
tained spatiotemporal patterns. Patterns may emerge due to
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Figure 5. Three basic cases of dynamic behavior differ-
ing in their phase plane nature.
Excitable (i), oscillatory (ii), and bistable (ii) kinetics.
Courtesy of Meron (1992).

global effects, as explained below; to understand these mo-
tions we need to review the properties of such excitable or
oscillatory systems.

Excitable media are extended nonequilibrium systems hav-
ing homogeneous rest states that are linearly stable but sus-
ceptible to finite perturbations. A variety of wave patterns
can be triggered including solitary waves in one dimension,
target patterns or spiral waves in the plane, and expanding
roll waves or rotating scroll waves in the space. Solitary waves
propagate at constant speed and shape but, unlike solitons,
annihilate each other in face-to-face collision. Excitable me-
dia also support continuous families of periodic wavetrains
when the system is triggered continuously. Two basic theoret-
ical approaches have been applied to analyze such motions:

A singular perturbation approach makes a distinction be-
tween outer (excited and recovery) regions and inner front
regions (Meron, 1992), while kinematic theories review soli-
tary waves as integral entities. The former approach exploits
the smallness of e, while the latter assumes long-wave pat-
terns. Excitable waves have been observed and studied in the
BZ reaction, the axon of a nerve cell, cardiac tissues, and the
corresponding models like the FKN mechanism and the
FitzHugh-Nagumo model (Mikhailov, 1991).

We now present the main results of the singular perturba-
tion approach (Meron, 1992). Triggering the edge of an ex-
citable system will send a front traveling at constant speed.
After a certain period the perturbed position will relax, un-
dergo an opposite transition, and will send a second front in
the direction of the leading one. Eventually, the two fronts
will form a pulse, traveling at a constant speed and shape.
For small € the pulse consists of a wavefront and waveback
that separate the domain into three zones (Figure 6a): the
rest state, to the left of the leading front, the excited state,
between the fronts, and the refractory tail. At the front posi-
tion the autocatalytic variable (1) undergoes a sharp jump,
while the other (v) variable changes slowly and, to a first ap-
proximation, its spatial gradient is negligible. In the limit of
€ - 0, changes in activity are slow compared with front mo-
tion and the solution is derived by matching the outer and
inner solutions. In the outer region, u varies smoothly in space
and in time, while in the inner, wave-front or -back, region u
changes abruptly. In the outer region, u follows adiabatically
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Figure 6. Properties of solitary waves in an excitable medium.

(a) Profiles of the activator (u(x), x = z — ct, solid line) and inhibitor (v( x), broken line). (b) Phase portrait of the solitary wave solution
(homoclinic orbit). (c) Propagation speed dependence on time scale separation (e). Solitary waves cannot be sustained above €. Repro-

duced with permission from Meron (1992).
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the slow changes in v. The spatial and temporal derivatives of
u are small and, to the zeroth order of e, the activator bal-
ance becomes an algebraic equation f(u,v)= 0, which can be
solved for u (Figure 6b). The upper and lower stable solution
branches of this equation are denoted by u_(v) and u ,(v).
Since we are looking for the solution in the form of a solitary
wave that propagates at the velocity c,. through the medium
that is initially at rest at v = v, we have for the outer solu-
tion:

u=u_), ¢V +eG_(1)=0, —-o<xy<y,

u=u (), cV+eG, (V)=0, x,<x<x;

u=u_(W=u_(v), ct/'+eG_(v)=0, x<xy<e

x=z2—cit, G, Ww)=glu, W),v], (18)

where x, and x; denote the pulse-front and -back position
(Figure 6a) and v’ = du/dx. The inhibitor (or controller) so-
lution must be continuously differentiable at the fronts, which
yields the following boundary conditions:

x> x)=ulx=>x)=0, V(x=>x5)=V(x-x)
Wx-=xj)=v(-®)=0, V(x-x;)=V({x—->—»).

19

The solution of Eqs. 18-19 provides the large length scale
structure of the pulse. To find the inner solution, the in-
hibitor value is assumed constant at the front position, which
yields the following system of equations

(@) uf+cuy+ flupv)=0

(&) up+cu,+ flu,,0,)=0

u_(us) X —2®
uf(X—Xf)= u+(l)s) X—)—OO
(v,) —
ugx-an)={5i(:) i-»-w' (20)

The leading front travels in a domain with v = v, and its ve-
locity can be determined or approximated from the velocity
of a single variable system. In order for the pulse to preserve
its shape, the waveback velocity should match that of the
wavefront velocity. This determines v, at the waveback. Since
., is usually a monotone decreasing function of v, with a
stationary velocity at v = v* determined by

[u*(u*)f(u,u*)du=0, D
u_(v*)

it is evident that v, and v lie at opposite sides of v*. If the
largest back front velocity cannot match c,, than the back
transition is determined by local dynamics and the back wave
is called a phase-wave.
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When time-scale separation is not wide, the outer and in-
ner solution construction is no longer valid. Rewriting Eq. 17
in the moving frame coordinates, we find

u' +cu + fu,v)=0
, ! (22)
e/ + eglu,v)=0,
Expanding u, v, and c,, in powers of e,
U=us+eu +... v=uvpten+...
c=pulv)+ec; +.... (23)

As expected, the zero-order solution was shown to be c=c¢,
= u(v,) (Meron, 1992), while the first-order correction is
given by

f dx¢" v10,f(u,0)l,

G = P ;
J _axte
1
w(o,)

n(xo0) =—— [ dx' glug (X)), @4
X

where & =u, £ =ujexp(u(vy)x). Generally ¢, is a nega-
tive quantity, which implies that the excitable wave velocity
declines as e increases. At certain €, the velocity reaches a
limit point that connects the stable high-amplitude solitary
wave, described carlier, with low-amplitude unstable pulse
solutions (Figure 6¢; Meron, 1992). Beyond that critical €, an
excitable wave cannot be sustained.

A continuous periodic triggering of an excitable medium
yields a traveling wave solution. Target and spiral-wave pat-
terns are two-dimensional realizations of these solutions.
Wave trains are usually characterized by dispersion relations
that describe the relation between the speed of propagation
and the traveling-wave period. The repeated structure con-
sists of a wavefront (at x;, with a corresponding v;), an ex-
cited region, a waveback and a refractory region that contin-
ues till the next front. The two fronts travel at the same ve-
locity, that is, ¢ = u(v;) = — u(v,). Specifying the wave train
velocity determines the corresponding vy and v,. The two
domains separating the fronts are of the following sizes:

Uy dv
€T, =
N [yf G.(v)

/\+(Uf) = Xf —Xp = ,L(Uf)T+(Df);

Uy dv
T =
< fu, G_()

(25)

A_Cop) = xp— X, = — p(op)T_(vy);

and are readily computed. Dispersion relations typically show
a limit point separating the high-speed stable solutions from
the low-speed unstable solutions.

While a pulse on a wire eventually travels out of the sys-
tem, it may be sustained on a ring with vy and v, that yield
fronts of equal velocity and with a ring perimeter that matches
the wave period (A, + A_, Eq. 25) or its multiple. The small-
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Figure 7. Temporal traces of temperature oscillations
observed at three points on a Pt wire catalyz-
ing ammonia oxidation with 28% ammonia in
air at 800°C.

(a) Shortly after startup. (b} After 7 h; the three points are
approximately 0.8 cm apart. Reproduced with permission
from Cordonier and Schmidt (1989).

est ring that can harbor a moving pulse is the limiting value
of the dispersion relation, a certain L ;(e). We return to
this problem in the sixth section.

Wave trains on a wire and a rotating pulse on a ring may
be sustained even with oscillatory kinetics (i.e., when the ho-
mogeneous state is unstable, also termed Hopf-Turing sys-
tems), but they will require special initial conditions for their
inception. Homogeneous initial conditions will typically yield
a homogeneous oscillatory solution.

Excitable pulses annihilate each other upon oscillation be-
cause of the refractory zone behind the waveback. The intro-
duction of defects, however, with parameters that differ from
those of the rest of the surface can lead to soliton-like behav-
jor: that is, pulses may collide and reflect from each other
(Bar et al.,, 1992).

Observations. Excitable waves, triggered by a perturbation
of a catalytic wire or ribbon at steady state, were not studied
under high-pressure conditions. Several observations of sus-
tained patterns in catalytic wires have been reported, but their
identification in terms of a qualitative model is still ambigu-
ous. The first evidence of a regular pattern in catalytic sys-
tems, in the form of two temperature pulses emanating from
a source point and traveling in opposite directions, was pre-
sented by Cordonier and Schmidt (1989) during ammonia ox-
idation on a Pt wire heated by a constant current. The system
was monitored with the array of 6 IR-sensitive photodiods.
Spatial nonuniformity is evident in Figure 7, but so is the
phase difference between the three traces. Waves of differ-
ent waveforms and velocities in the range 0-5 cm/s were re-
ported. Spatiotemporal complexity was shown to be induced
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by the formation of the two pacemakers. No topographical
differences of the area around the pacemaker could be de-
tected with scanning electron microscopy (SEM), but the ac-
tive center position was fixed over a series of experiments.
The second center emerged with changing flow rate. The au-
thors explained the observed wave propagation in terms of a
surface reaction-diffusion model with oscillatory boundary
conditions (a pacemaker) imposed at the boundaries.

Antiphase oscillations were observed by Cordonier et al.
(1989), using a photodiode array, during the endothermic de-
composition of methylamine catalyzed by a S-cm-long Rh wire
(Figure 8). The wire can be roughly described by two sections
that oscillate out of phase; the boundary between the twao
sections moved slowly and was associated with a slow deacti-
vation process. Local temperature oscillations were periodic.
In a similar study with a Pt wire all measured points were
oscillating synchronously with no measurable time lag. With
an Ir wire, however, the temporal pattern was chaotic, but
again all the points on the wire were oscillating in phase. No
theoretical explanation of the phenomena was attempted.

Philippou and Luss (1992) in their study of propylene oxi-
dation on a 14.5-cm-long Pt ribbon heated by constant elec-
trical current, using IR thermography, observed aperiodic
birth of fronts near the support and their propagation inside
the ribbon. The front stopped at a certain position and moved
backward before another front originated at the other sup-
port.

Before spatially resolving experiments were designed, the
spatially nonuniform character of catalyst performance could
be inferred from comparison of integral reactor characteris-
tics, such as reactant conversion or overall heat-generation
function, with measurements of local temperature. Tsai et al.
(1988) observed that temporal thermal oscillations of two
halves of a Pt ring, during CO oxidation, was simpler than
that of the whole ring.

Controlled wires: bistable media

Theory. While stable stationary fronts are not possible in
a one-variable system with constant coefficients, they do exist
in systems subject to global interaction, in which every point
interacts will all other points through a common pool. The
simplest example of global interaction is due to control of a
space-averaged property. The thermochemic method, in
which the wire resistance (i.e., temperature) or voltage is kept
constant by applying resistive heating, has been widely ap-
plied in studies of catalytic kinetics and dynamics over metal
wires in order to keep the system isothermal. Analysis of such
control (Sheintuch and Schmidt, 1986) showed, however, that
it cannot stabilize a thermally unstable state in a sufficiently
long systems (few Lp, typically few mm). Instead, the wire
prefers to attain an inhomogeneous solution with a stable
front separating the ignited and extinguished states. The ef-
fect of resistive heating amounts mainly to increasing the ef-
fective ambient temperature (7;): Q, = hay (T — T;) = ha (T
~T,)— I?R, where T, is the actual ambient temperature (see
Sheintuch and Schmidt, 1986; and Sheintuch, 1989b, for a
detailed analysis). A catalytic wire or ribbon is described by a
single-variable enthalpy balance with unspecified T}, but sub-
ject to the control setpoint that (T ) =T,. (T; can be deter-
mined by integrating the enthalpy balance to yield 7, =T, -
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Figure 8. Antiphase temperature oscillations during methylamine decomposition on a Rh wire.
Reproduced with permission from Cordonier et al., (1989).

(ARXr(T))/ha,.) The solution in a long system takes the
form of a stationary front, at a position that satisfies the set-
point, and with a control variable (7}) that satisfies the sta-
tionarity condition of the front: The front is stable since the
expansion of the ignited zone will result in declining resistive
current that will render the ignited state less stable and move
the front into its stationary positions. The graphical construc-
tion of zero velocity condition is shown in Figure 2b; Eq. 15
implies equality of the areas bound by Q(T) and hay (T —
T;). The stable branches are denoted by bold lines, showing
domains of coexistence of inhomogeneous solutions with the
ignited or extinguished homogeneous state. (The diagram may
change when heat loss through the edges is accounted for:
see Sheintuch and Schmidt, 1986.) The resulting bifurcation
diagram with varying T, is shown in Figure 3. In the con-
stant-resistance mode we vary T (the ordinate in Figure 3) by
changing the setpoint. Changing current in the constant-cur-
rent mode amounts to shifting 7; (the abscissa), resulting in
simple hysteresis. In the constant-voltage case T, =T, +
V'2/R(T )ha, and, since the resistance is linear with the tem-
perature [R = R, + R(T —T)), the steady state is the inter-
section of an enthalpy balance with a hyperbolic operating
line. The constant-voltage line may intersect the enthalpy line
at three stable (two homogeneous and one asymmetric)
branches and tristability may be realized.

Observations. The existence of stationary fronts in a cat-
alytic wire maintained at a preset average temperature was
verified by Lobban et al. (1989) during ammonia oxidation on
a Pt ribbon. They were able to obtain multiplicity of a sta-
tionary front solution with an almost homogeneous states
(edge effects due to heat loss were evident) under the same
resistance setpoint (Figure 9a). The fronts observed in this
study were sharp, typically 0.5 cm in width—a value that
agrees with the characteristic thermal diffusion length. Simi-
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lar patterns were obtained under constant-voltage control by
Phillipou and Luss (1993). In the latter case, they were able
to obtain two (almost mirror-imaged) stationary front solu-
tions under the same operating conditions (Figure 9b).

Stationary fronts have been inferred to exist on a Pt wire
catalyzing ammonia, ethylene, propylene and isobutylene oxi-
dation (Sheintuch and Schmidt, 1986); this conclusion was
based on the observation that the measured heat-generation
rate increases with the set temperature like A(T, - T¢*), as
expected from theory (77 is the value that sustains a station-
ary front).

Controlled wires: oscillatory systems

Observations. Phillipou et al. (1991) observed temperature
pulses moving back and forth, during propylene oxidation on
a 14.5-cm-long Pt ribbon heated resistively to maintain a pre-
set resistance (Figure 10; a, B8, v denote three successive
snapshots). They used hot wire anemometry to follow the
overall heat generation of the exothermic reaction and IR
thermography to measure the temperature profile over the
ribbon. The pulse did not travel through a section of the wire,
probably due to its low activity, and expanded and contracted
during its motion over the other section. The space-averaged
reaction rate oscillated at a higher frequency than that of
local temperatures. Analysis of heat-generation time series
revealed quasi-periodic oscillations when a single pulse mo-
tion was observed locally and inception of a second pulse was
documented as a route to chaotic dynamics. These observa-
tions were the incentive for the theoretical studies discussed
below. Under constant voltage conditions this reaction also
exhibited moving fronts that originated at one edge and
propagated toward the other support (Phillipou and Luss,
1993). The front stopped at a certain intermediate position
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Figure 9. Inhomogeneous solutions observed during
ammonia oxidation on a controlled Pt ribbon.

(a) Two temperature profiles observed in the constant resis-
tance mode. (After Lobban and Luss, 1989; reproduced with
permission of the authors.) (b) Two mirror-imaged solutions
under constant voltage control. Reproduced with permission
from authors Philippou and Luss (1993).

and moved backward before another front originated at the
other support. In both constant-voltage and constant-re-
sistance experiments the front velocity was ~ 0.1 cm/5s.

Modeling. As was already stated, stationary fronts may be
formed when a chemical reaction, with bistable kinetics, is
carried out on a catalytic ribbon, the average spatial temper-
ature of which is kept constant by a controller. Similarly, spa-
tiotemporal temperature patterns are formed when an oscil-
latory reaction is subject to constant-temperature control. We
consider a catalytic ribbon, placed in a fluid stream of con-
stant temperature and reactant composition, on which an
exothermic chemical reaction occurs. The kinetic model in-
corporates surface temperature (7') and the local catalytic ac-
tivity (6*) as its dynamic variables. The fast control adjusts
the electrical current in the ribbon (the effective ambient
temperature, T;) so that its total resistance (average tempera-
ture) remains constant at a preset value (7); recall that 7} is
linearly related to the average reaction rate {r).

Early analysis of this model (Sheintuch, 1989a) assumed
that the reaction fronts are localized, either because of
nonuniformities in the wire or due to slow front propagation.
The wire is described then by several homogeneous oscilla-
tors subject to the control conditions. The two or more sec-
tions of the wire then oscillate out of phase in order to main-
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Figure 10. Back-and-forth pulse motion during propy-
lene oxidation on a controlled Pt wire at an
average temperature of 229°C,

(a) Time trace of the average heat generation. (b) Three
spatial snapshots. Reproduced with permission from
Phillippou et al. (1991).

tain the set average temperature. On the phase plane dia-
gram the motion of the representative points is like “ponies
on a merry-go-round” (Sheintuch, 1989a). Wide domains of
aperiodic solutions emerge when three or more sections ex-
ist. Analysis of the continuous model (Middya et al., 1993a,b,
1994a,b) revealed, however, that heat conduction is an im-
portant mechanism of interaction along the ribbon, and it in-
duces temperature fronts and pulses. The simulated patterns
were classified into four major types: homogeneous, local-
ized, moving, and mixed. Localized patterns incorporate
fronts or pulses with stationary or oscillating front-positions.
These include (Figure 11):

e Stationary and oscillatory fronts (Figure 11a,b)

e Breathing pulses that expand and contract

o Antiphase oscillations (Figure 11c).

Moving patterns include:

* Unidirectional pulses that are born at one edge, travel
toward the other edge, and disappear while a new one is born
at the original edge (Figure 11d)

e Source point from which two pulses emanate and move
in opposite directions until their disappearance (Figure 11e);
several source points may coexist

o Pulses that move back and forth (Figure 11f).

To gain some understanding of these motions let us follow
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Figure 11. Spatiotemporal patterns simulated for con-
trolled catalytic wires with oscillatory kinet-
ics. Stationary (a) or oscillatory (b) fronts,
antiphase oscillations (c), unidirectional
pulse (d), source point {e) and back-and-
forth pulses (f).

Patterns were computed with a cubic kinetic function
(Middya et al., 1994b, but similar patterns were obtained
for realistic models, Middya et al., 1993a). Patterns are
presented in the time-space plane with gray and light
shades corresponding to extinguished and ignited local
states, respectively.

them on the (7, 8) phase plane. In antiphase oscillations the
ribbon consists of two regions having temperature 4 and A
(Figure 12a), separated by a narrow zone. This disposition is
synclinal (activity and temperature fronts have similar incli-
nation; Pismen, 1980), the front is stationary, and the hot re-
gion deactivates and the cold region activates. Eventually, the
hot section reaches extinction (point C in Figure 12a). This
triggers the control and ignites the cold section (point C’).
Consider now a unidirectional pulse (Figure 12b). If the lead-
ing and trailing fronts travel at the same velocity, the average
temperature does not change before the leading front ap-
proaches the support. The ignition front occurs at 6z > 6
(of the stationary front), while extinction occurs at 6, < 6;*.
In general, the two fronts move at the same average velocity,
as the control changes the current to counteract any change
in the average temperature or pulse width. When the ignited

D
A
1

]
'
d

(a)

Figure 12. Spatial patterns and null curves of the main
patterns that emerge in controlied wires.

See description in text; after Middya et al. (1993a). (a) An-
tiphase oscillation. (b) Unidirectional pulse. (¢) Back-and-
forth pulse.
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front reaches the support and disappears, the current starts
to increase, raising the temperature of all points on the rib-
bon and slowing the movement of the extinction front DE.
The highest activity of the ribbon is at the other support,
and, as the current increases to some critical value, ignition
occurs. Thus, as the old pulse propagates out of the ribbon, a
new pulse is formed at the other support, grows, and then
moves toward the second support.

When the system is bistable, a back-and-forth pulse may
exist. The starting sequence of events is similar to the previ-
ous scenario. After the ignited front leaves the system at the
support, the controller increases the current, slowing down
the movement of the extinction front. In the wake of that
front the activity is low and the pulse cannot turn around and
become an ignition front. When multiple solutions exist, the
pulse may approach a stationary-front solution. This gives the
low-activity section enough time to recover. But this station-
ary anticlinal front is unstable for sufficiently small time scale
separation, and it propagates as an ignition front in the oppo-
site direction (Figure 12¢), into a domain that has been acti-
vated by now. While these patterns have been identified by
simple visual inspection, with cubic polynomial kinetics it is
possible to define the various patterns by their symmetry
properties (Middya et al., 1994b). The transitions between
some of these patterns are intricate and proceed via a se-
quence of bifurcations that is still under study. The transition
between back-and-forth and unidirectional pulses occurs
through complex patterns that include mixed mode motions
(Middya et al., 1993b).

Electrochemical systems

Antiphase oscillations of spatial current distribution during
anodic dissolution of a nickel wire in sulfuric acid solution
were observed in the galvanostatic mode of operation (Figure
13b; Lev et al., 1988, 1990). In this mode, the applied overall
current remained constant, but the local current density var-
ied. A set of microreference electrodes, situated close to the
anodized nickel wire, was used to record the local activity.
Pattern selection depended crucially on the control mode:
traveling pulses were observed under almost-potentiostatic
conditions. The latter conditions were obtained by incorpo-
rating a small ohmic resistance between the reference and
working electrodes. Both the current and the true electrode
potential oscillate during such an operation, since the poten-
tial and current become linearly dependent on Ohm’s law.

The model constructed to simulate these behaviors and to
demonstrate the relation between the pattern established and
the applied control accounts for the surface potential, for the
solution potential through which communication occurs, and
for the degree of surface activity, which changes slowly and
does not diffuse (Haim et al., 1992). The model accounts for
spatial potential distribution in the directions paralle! and
perpendicular to the wire. The potential difference between
the electrodes is space-independent, but the potential of the
electrolyte solution and the electric double layer close to the
anode is space-dependent. The model simulated the an-
tiphase oscillations observed under galvanostatic conditions
(Figure 13a), and the traveling waves observed when a small
external resistor was incorporated in the circuit. The simula-
tions demonstrated the change in pattetn as the external re-
sistor (R) was varied.
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Figure 13. Antiphase current oscillations simulated (a) and observed (b) for anodic Ni wire dissolution operating in

the constant current model.
From Haim et al. (1992).

Catalytic Disks and Wafers

Theory. Typical reaction-diffusion patterns on a plane of
excitable medium are target patterns and spiral waves. The
analysis is similar to that of pulses on a wire except that front
curvature has a significant effect on its velocity. Positive cur-
vature (where the center of curvature is behind the front)
reduces the speed of propagation, since the convex geometry
reduces the diffusion flux into the resting medium. Negative
curvatures increase the front velocity. For small curvatures
(k), the curvature-speed relation is

¢c,=c— Dk, (26)

where c, is the normal velocity, ¢ is the velocity of a linear
front, and D, is the activator diffusivity (Mikhailov, 1991).
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While there is an extensive theory on this subject, we do not
review it here, as it does not account for most observations of
high-pressure patterns.

Observations. Most patterns observed on two-dimensional
catalytic systems did not conform with any known motion of
reaction-diffusion systems. Investigators usually attribute the
ambiguity to nonuniformity of surface properties. Several
studies demonstrated the existence of one or more pacing
centers that determine the motion of the whole surface. In
several cases aperiodic solutions were shown to be associated
with the interaction between two or more such pacing cen-
ters. Considerable progress in elucidating and analyzing spa-
tiotemporal temperature patterns was made with the employ-
ment of IR thermography, permitting 0.1-mm resolution at
the surface. Yet, the very first application of this method
(Brown et al., 1985) showed significant temperature differ-
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Figure 14. One cycle of periodic flickering showing the
excitation of a secondary site (at the lower
center part) by the primary site (hot spot at
the upper left part) observed during ethylene
oxidation on supported Rh catalyst.

Courtesy of Chen et al. (1993).

ences over the surface, even when all parts of the catalyst
belonged to the same steady-state branch. During oscillations
between the ignited and extinguished branches, different
parts of the catalytic surface were oscillating independently
and ignition was associated with propagation of temperature
fronts over the surface.

Studying self-sustained oscillations during ethylene oxida-
tion on supported catalysts, using IR thermography, Kellow
and Wolf et al. (1991) observed that active hot zones around
catalytic spots were contracting and expanding, but in most
cases were not changing their position. Ignition and extinc-
tion phenomena at a particular spot could be triggered by a
similar event at an adjacent spot. The reactor configuration
used in their study, however, did not allow the exclusion of
flow effects from the system; flow effects were evident from
the fact that ignition always started at the position close to
the reactor outlet and propagated inward.

Spatiotemporal dynamics on supported catalysts can some-
times be presented as the interaction of “coherent” struc-
tures induced by long-range nonuniformity. Several studies
employed proper orthogonal decomposition (POD) of IR-
thermographic snapshots to identify and classify the motion.
Pattern dynamics was described by the linear combination of
several empirical eigenfunctions. Chen et al. (1993) employed
POD during ethylene oxidation on a wafer covered with Rh
catalyst, to describe hot spot flickering, in which one hot-spot
induced ignition of another extinct active spot (Figure 14) and
hot spot wandering over the support. The ignited spot in the
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Figure 15. Thermal images observed by Graham et al.
during hydrogen oxidation on a Ni disk.
Courtesy of Graham et al. (1993a).

upper left corner of the wafer ignited the extinct spot in the
lower part of the surface; then, the newly ignited spot extin-
guished and is ignited again by the neighboring spot (Figure
14). Two- and five-term series of eigenfunctions were neces-
sary to represent satisfactorily the observed flickering and
wandering, respectively. Intermittent chaotic behavior of the
conversion time-irace was attributed to perturbations, proba-
bly due to external noise, of the homoclinic trajectory of hot
spot motion. The authors suggest that solutions dominated by
localized structures are very likely to be observed on catalysts
with long-range nonuniformity. This conclusion suggests that
complete classification of patterns will remain an elusive task,
but it underscores the importance of spatially resolving tech-
niques for analyzing these patterns, since localized measure-
ments are an inadequate measure of spatial and temporal
organization in patterns dominated by several hot spots.

Lobban and Luss (1989) used IR thermography to monitor
thermokinetic oscillations during hydrogen oxidation on a
3.8-cm nickel disc. Ignition and extinction occurred nonuni-
formly on the surface and then propagated through the en-
tire disc. Later experiments (Lane et al., 1993) revealed two
pacemakers at the edge of the disc, emitting ignition fronts
that conquered the surface within 40 s. After a slow uniform
cooling that was not associated with front motion, new igni-
tion fronts originated at the pacemakers positions (Figure 15).
Graham et al. (1993a) used POD for determining the basis
function for the observed spatiotemporal patterns. A single
cycle was successfully represented as a combination of two
empirical eigenfunctions. At higher gas-phase temperatures
the synchrony between pacemakers was lost, resulting in
chaotic behavior.

The effect of catalyst microstructure was reported by Sant
et al. (1988), who compared the behavior of two supported Pt
catalysts with the same Pt loading but different crystallite size.
Oscillations were absent when Pt was dispersed as big and
widely separated crystallites, while a catalyst made of fine
uniformly dispersed Pt particles oscillated. Partial coverage
with fine Pt particles of the wafer of large Pt crystallites, which
reduced the spacing between crystallites, made the former
catalyst oscillate.

Plath et al. (1988) attributed the self-similar character of
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Figure 16. Spatiotemporal pattern, presented as differ-
ences of successive snapshots observed on
a disc during an electrochemical reaction.
Courtesy of Hudson et al. (1993).

temporal oscillations during methanol oxidation on sup-
ported Pd to excitable wave propagation through spatial frac-
tal media, such as alumina support. In a study of the coupling
of thermokinetic catalytic oscillators during ethanol oxidation
on Pd, Jaeger et al. (1986) observed periodic behavior with a
uniformly catalyst-coated silver-plate; when two such plates
were placed on a Teflon support within a flow reactor the
oscillators were synchronized. Three catalytic discs placed in
the same reactor but without direct contact between them
also showed a considerable degree of synchronization.

Electrochemical Systems. Hudson et al. (1993), in a study
of potentiostatic dissolution of a circular iron disc electrode,
related the temporal nature of current oscillations to a spa-
tial pattern. Period-one oscillations were associated with
propagation of an approximately axisymmetric wave, which
started from the rim of the electrode and propagated inward
(the wave mediated the transition between passive and active
states of iron). Period-two oscillations, which were observed
at lower potentials, were associated with a standing wave,
when two half-circles of the electrode oscillated out of phase
(Figure 16).

Modeling. Collin and Balakotaiah (1994) analyzed pattern
formation in a model exothermic reaction with Langmuir—
Hinshelwood kinetics coupled with slow reversible and local-
ized modification of catalyst activity. For realistic values of
the ratio of heat conductivity to mass diffusivity the model
could not predict stationary pattern formation. Homoge-
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Figure 17. Temperature patterns, observed during hy-
drogen oxidation on a Ni ring in an atmo-
spheric pressure mixed-reactor.

Rotating (a), rotating and alternating (b), and stationary
pulses (c). Courtesy of Graham et al. (1993b). Patterns are
presented in the plane of time vs. angular position.

neous oscillations may become unstable, however, and travel-
ing wave patterns may emerge. For realistic values of model
parameters, the minimal system size required for pattern for-
mation was shown to be of the order of 1 cm?,

The discrete nature of reactive sites was the incentive be-
hind many investigations of interaction between oscillators.
Jensen and Ray (1980, 1982b) simulated complex dynamics in
the “fuzzy wire and pebbly surface” catalyst model, which ac-
counted for the interaction of protrusions on a wire. Schuth
et al. (1990) concluded that complex conversion oscillations
during the NO+CO reaction over a supported Pd catalyst
were induced by thermal interaction of several active regions
on the catalyst wafer. They modeled the catalyst by 10 non-
linear identical oscillators, randomly dispersed on a 10-by-10
inert grid, which generated heat by reaction and exchanged
heat with gas phase and with its nearest neighbors. Chaotic
behavior emerged at intermediate values of the heat transfer
coefficient to the gas phase, but the route to chaos was found
to be sensitive to the distribution of active cells on the grid.
Experiments with supported catalysts showed that dynamic
behavior is very sensitive to the catalyst preparation.

Mixed Reactors

Observations. The global interaction between the local
variabies in a distributed oscillatory or bistable system and a
mixed gas-phase may induce a rich structure of spatiotempo-
ral patterns that would not exist otherwise. The global vari-
able (e.g., gas-phase concentration) is related to the space
average of the local property. This interaction is similar to
the effect of an external control aimed at maintaining the
average temperature (or rate) of a catalytic ribbon at a set-
point. The most spectacular examples of such interaction are
the rotating temperature pulses observed during H, oxida-
tion on a Ni ring (Figure 17; Graham et al., 1993b) and the
standing concentration waves during isothermal CO oxida-
tion on Pt(110) under low pressures (Figure 18; Jakubith et
al., 1990).
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Figure 18. Standing waves associated with periodic os-
cillations during low-pressure CO oxidation
on Pt(110).

Courtesy of Jakubith et al. (1990).

The catalytic ring in the former experiment was placed in a
mixed reactor at atmospheric pressure, which in turn was
placed in a fixed-temperature oven. Thus, the gas-phase tem-
perature in the reactor was almost constant but the catalyst
temperature varied (Figure 17). The global interaction of the
ring, through reactant depletion in the gas phase, created the
new patterns (see analysis below) presented in Figure 17 in
terms of the plane of time vs. angular position. Figure 17a
presents rotating unidirectional pulses, while in Figure 17b
pulses expand and shrink and change direction about every
540° of rotation. Figure 17c presents stationary front patterns
that resemble antiphase oscillations, except that the ring is
totally extinct for sections of the cycle.

Catalytic reactions conducted at low pressures are believed
to be free of mass and heat transfer resistances. Recent work
attributes pattern formation in such systems to global interac-
tion through the gas phase. The patterns observed during CO
oxidation (Figure 18; Jakubith et al., 1990) show standing-
wave aniiphase oscillations, observed by PEEM, in which the
dark and light domains represent a surface covered by ad-
sorbed oxygen or adsorbed CO, respectively. Within the cycle
the dark (or light) domain turns into light (or dark) and back
again without considerable change in the front position. The
coupling time was estimated to be 1072 s, compared with a
mixing time of 107* s.

The impact of global coupling on pattern formation, during
the reaction of NO and CO on a Pt(100) surface at 107° torr
in a gradientless flow reactor, was recently reported by Veser
et al. (1994) and modeled by Mertens et al. (1993). In this
case, the extent of surface reaction is very sensitive to the
absolute coverages, which in turn depends on the gas-phase
conditions and is very close to the critical value that induces
surface-phase transition between the hex and 1*1 phases.
Thus, slight variations of the partial pressures (reported to be
~1%) change the extent of surface reconstruction, yielding
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an efficient mode of global coupling. With decreasing catalyst
temperature the global coupling collapsed, as evident by sur-
face (PEEM) images and by the discontinuous drop in the
reaction-rate amplitude. This was attributed to the presence
of surface defects. Lowering the temperature led to increas-
ing difference between frequencies of oscillations due to de-
fects and those due to uniform surface. Beyond a critical
temperature value, the defects ceased to be entrained by the
uniform oscillations of the globally coupled surface and
started emitting waves at their own frequency. When the sur-
face was conquered by these traveling waves, the spatial aver-
age of the reaction became constant in time, and thus the
impact of global coupling was reduced.

Kapicka and Marek (1989) observed complete synchrony
between pellets in a high-recirculation packed-bed reactor,
during CO oxidation over supported Pt catalyst; the ampli-
tudes and form of oscillations differed from one pellet to an-
other. Temporal patterns became more complex at higher
temperature; significant concentration gradients existed at
low recycle ratios, but the pellets were synchronized.

Modeling. In order to study the effect of global coupling
on pattern selection in a catalytic ring, Middya et al. (1994a)
analyzed a catalyst-reactor condensed model, of the form
shown in Egs. 8b, 8c and 9 with cubic nonlinearity. They also
showed that in an isothermal-fluid reactor of small volume
(i.e., residence time), the global variable—the gas-phase re-
actant concentration (A)—is related to the average tempera-
ture like A= B(T, —{T)). Patterns are formed when the fluid
temperature is constant, but the catalyst temperature and re-
action rate ascend with increasing reactant concentration, so
that the changes in reactant concentration in the vessel tend
to arrest moving fronts. Recall that we have classified such
solid—fluid interaction as symmetry breaking. The sensitivity
parameter (B) is inversely proportional to feed flow rate and
patterns are formed since the feed rate is insufficient to
maintain the ignited state, yet it is larger than the reactant
consumption rate at the extinguished state. Note that symme-
try breaking wiil occur due to fluid-phase interaction, even in
a single-variable bistable problem (fixed y), as it does in con-
trolled catalytic wire. The reactant concentration will be
self-adjusted then to maintain a stationary front and the front
position will match the mass balance on the fluid phase.

In the limit of infinite B (very small flow rate) the problem
is identical to a wire subject to constant resistance control

a=0.10 0.12 0.38 0.39 0.43
I] '
(a) (b) © d @
Figure 19. Simulated patterns in a catalytic ring subject

to global interaction.

Stationary (a), rotating (b), (c), stationary but breathing (d),
and crossing {e) pulses. Courtesy of Middya et al. (1994a),
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({T)=17,) and the main patterns were outlined in the corre-
sponding section. Here we also consider the possible motion
on a ring, since patterns may be induced by interaction via a
mixed fluid phase, while constant-resistance control cannot
be applied to a catalytic ring in a simple way. Moving pat-
terns in a ring include (Figure 19; Middya et al., 1994a):

e Unidirectional pulses that move at a constant velocity
around the ring. This motion may consist of one (Figure 19b)
or several pulses (Figure 19¢) on the ring. This motion is pos-
sible even without global interaction (B = 0), but its attain-
ment requires certain nonuniform initial conditions, and it
may be difficult to experimentally achieve such a state only
by varying the feed conditions.

e Source point, from which two pulses emerge periodically
and travel until their annihilation at another point and the
creation of a new source point at the initial location.

e Crossing pulses are pairs of pulses that move in opposite
directions and cross (or reflect from) each other (Figure 19e).

e Rotating antiphase oscillations.

e Stationary (Figure 19a) or breathing (Figure 19d) pulses.

Let us compare the patterns observed in the two simple
one-dimensional geometries, a ribbon and a ring. Patterns
found for a ribbon geometry, such as antiphase oscillations
(Figure 1lc), have not been predicted to occur in a ring.
Furthermore, patterns that reflect the existence of system
boundaries {e.g., a pulse that reverses its direction; Figure
11f) are not expected to exist in a ring geometry unless artifi-
cial boundaries are constructed. Within the domain of stable
homogeneous solutions, uniform initial conditions lead to ho-
mogeneous stable or oscillatory solutions. A rotating pulse in
a ring can be attained either by crossing the stability bound-
ary of the homogeneous solution (by varying B) or by an in-
homogeneous perturbation. In the absence of interaction be-
tween a global lumped-variable A and the surface-state vari-
ables (B = 0), there exists a stable homogeneous solution for
any Z. Numerical simulations of motion on a ring verified
that once unidirectional (UD) pulses are attained they are
stable over a wide domain of parameters, even without global
interaction; that is, a rotating pulse may coexist with a sta-
tionary or oscillatory homogeneous solution. The achieve-
ment of other patterns that may coexist usually requires ¢i-
ther a large perturbation of the UD pulse or a slow change of
parameters from a regjon in the space in which the specific
pattern is known to exist. On a ribbon, on the other hand,
neither the UD pulse nor any pattern can be sustained with-
out global interaction. There is no predominant pattern on a
ribbon. Uniform initial conditions lead either to a homoge-
neous solution or to a pattern when the homogeneous states
are unstable. The domain of the existence of the patterns
shrinks with decreasing B. A map of the regions with qualita-
tively different patterns was constructed in the plane of inter-
action strength vs. system length (Middya et al., 1994a).

The standing concentration waves observed during low-
pressure CO oxidation clearly suggest that global coupling ef-
fects are important. The high wavenumber in this study is
intriguing since coupling by a mixed variable typically gener-
ates one front or one pulse patterns (e.g., Figures 11 and 19).
Levine and Zou (1993) and Falcke and Engel (1994) have
analyzed the pattern formation in this system using the de-
tailed mechanism of this reaction on Pt(110) plane and a
gas-phase balance. This model is qualitatively similar to the
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one described earlier except that in the low-pressure studies
the gas-phase volume is large and a pseudo-steady-state as-
sumption is not invoked for the reactant concentration. Sta-
ble multiwave patterns were simulated to exist over a narrow
range of parameters. Several studies (Mertens et al., 1993)
have employed a modified CGL equation to qualitatively ac-
count for patterns due to global coupling. In the presence of
“defects” this model accounts for the observations made dur-
ing the reaction of NO and CO: there existed a critical differ-
ence between the frequencies of the “defect” and of the uni-
form surfaces above which the global coupling collapsed,
leading to the discontinuous decrease of the averaged ampli-
tude of global oscillations and accompanied by a sharp in-
crease in the frequency of local oscillations.

Discrete Systems. Cell approach, which envisions the cat-
alytic reactor as an array of coupled cells, was applied for the
description of supported catalysts and nonuniformly acti-
vated wires in many experimental and theoretical studies.
Brown (1985) showed that the various reaction-rate branches,
observed during hydrogen oxidation in a mixed reactor with
few catalytic pellets, correspond to a patterned state. Ther-
mographic investigation of the catalyst surface indicates that
in most cases multiple hysteresis cycles are caused by a pat-
terned solution in which only part of the catalyst (wire, parti-
cle assemblage) is ignited. Arce and Ramkrishna (1991) have
shown that fluid mixing in a reactor with few catalytic pellets
can be responsible for pattern formation even in the absence
of direct particle interaction: such interaction may induce a
unique solution in the reactor even when multiple solutions
exist for a single particle. Studies of coupled BZ reactors and
interacting heterogeneous catalytic oscillators have shown,
both theoretically and experimentally, that the interaction can
lead to rhythm splitting, entrainment, and oscillator death
phenomena. Kim and Hlavacek (1986) showed that a coupled
pair of CSTRs, which are oscillatory in the absence of inter-
action, may become steady due to the coupling. The domain
of coupling coefficients that induce steady-state operation was
found to increase with increasing differences between two os-
cillators. Several experiments have demonstrated that cou-
pling may induce oscillatory behavior in two units that are
individually stable (Boukalouch et al., 1991, studied two
asymmetrically fed coupled CSTRs; Wang and Hudson, 1992,
and Bell et al., 1992, studied two rotating electrodes).

Fixed-Bed Reactor

While catalytic wires, rings, and discs are simple one- and
two-dimensional model systems that lend themselves to com-
parison with theory, the workhorse of the catalytic process is
the fixed bed. Qualitative and quantitative analyses of spa-
tiotemporal patterns that may arise in a one-dimensional
fixed-bed reactor are important in order to develop the
methodology for motion identification and classification.
These analyses help to elucidate possible characteristic mo-
tions in the reactor and implement necessary adjustments or
control of reactor operating conditions. This problem may be
of crucial importance for expediting the startup of a cold cat-
alytic converter.

We review below experimental observations of front prop-
agation, muitiple solutions, and oscillatory behavior in a
fixed-bed reactor. While some of these results can be, and
were, described by a homogeneous model, which we do not
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Figure 20. Triplicity of temperature profiles observed in
a 8.9-cm bed packed with CuQ/yAl,O5 dur-
ing CO oxidation.

Courtesy of Votruba and Hlavacek (1972).

review in this work, this identification in the cases listed be-
low is not unambiguous.

Fronts

Creeping reaction zones, first reported by Wicke and Vort-
meyer (1959) and Frank-Kamenetski (1969), are encountered
typically in response to a step change in operating conditions.
Since a pseudohomogeneous adiabatic bed catalyzing an
exothermic and activated reaction can exhibit a steep tem-
perature profile, changing feed conditions induces a creeping
front motion. Typical creeping velocities are small, 10™° m/s
in order of magnitude (Sharma and Hughes, 1979; Paspek
and Varma, 1980; Puszynski and Hlavacek, 1980) due to the
small solid-phase conductivity. Simon and Vortmeyer (1977)
used a homogeneous reactor model for predicting and calcu-
lating creep velocities in a bed catalyzing ethylene oxidation.
Creeping fronts are not necessarily fronts that connect two
different solutions of the local steady-state problem. Proper
characterization of spatiotemporal motion in a fixed bed re-
quires knowledge of the local (single-pellet) solution, and this
information was absent in most studies of fixed-bed dynam-
ics. This information is also essential for determining the dy-
namic response to external perturbations. In the domain of
steady-state multiplicity a perturbation of one state may trig-
ger the transition to the other state; the transient typically
takes the form of a front that creeps from initial to final posi-
tion, leaving the system behind in a new steady state.

Bistable kinetics

Observations. Global steady-state multiplicity may be ac-
counted for by a homogeneous reactor model due to axial
dispersion (Hlavacek and Van Rompay, 1981) or by a hetero-
geneous model of a plug-flow reactor showing local bistability
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Figure 21. Spatiotemporal patterns exhibited by u,-u,,
=-u3+u+ A,-fu dz, subject to no-flux condi-
tions at z=0 and z =100 and A;,=0.

This single-variable model qualitatively describes the inter-
action of convection, reaction, and diffusion (conduction)
in a reactor with a continuous reactant supply (Sheintuch
and Shvartsman, 1994).

due to thermal or kinetic effects (Sheintuch, 1987). Most ex-
perimental studies did not discriminate between the two
mechanisms by studying the local behavior. We list below,
therefore, the main observations of steady-state multiplicity
in fixed beds irrespective of their origin. Experimental stud-
ies typically report two stable global solutions in which the
whole reactor operates either in the kinetic or in the diffu-
sion regime (e.g., Wedel and Luss, 1984, in a study of CO
and CO, methanation). Triplicity was observed by Votruba
and Hlavacek (1972) during CO oxidation in an adiabatic
CuO/Al,0; reactor (Figure 20): the low temperature state is
fully extinguished, while the intermediate resembles a sta-
tionary front. Multiplicity of five stable solutions was ob-
served during CO oxidation in a Pt/Al,O5 bed (Hegedus et
al., 1977). This large number of solutions suggests that other
solutions exist but were not detected. Adjaye and Sheintuch
(1990) traced four branches of steady-state solutions during
ethylene oxidation in an adiabatic bed of alumina-supported
Pt catalyst; all states exhibited a sharp front near the reactor
inlet with small variation in the temperature downstream from
the front. A single pellet was shown to exhibit only two steady
states.

The transient from one global steady state to another was
demonstrated by Sharma and Hughes (1979) in their study of
an adiabatic fixed-bed reactor packed with CuO/SiO, cat-
alyzing CO oxidation: a pulse change in the inlet concentra-
tion of CO led to the establishment of a diffusion-controlled
regime in an initially extinguished reactor. Puszynski and
Hiavacek (1980, 1984) observed multiplicity of creeping pro-
files: the direction of front propagation was dependent on
initial conditions. This is characteristic of front propagation
in a heterogeneous reactor with a locally bistable media, as
one can ignite the extinguished state or vice versa.

Modeling. The heterogeneous reactor model with local
bistable kinetics predicts infinitude of solutions when heat
conduction along the bed is neglected. (Rhee et al., 1973);
this is a structurally unstable feature, as the incorporation of
a conduction (or diffusion) term induces front propagation.
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Figure 22. Oscillatory patterns observed in a fixed-bed reactor during CO oxidation.

() Pulse birth, motion, and exit in a nonadiabatic bed (courtesy of Puszynsky and Hlavacek, 1984). (b) Oscillatory motion due to amplifi-
cation of small fluctuations at the inlet (T) with flow downstream (courtesy of Onken and Wicke, 1986).

The front(s) may exit the system or become stationary, and
typically only a few steady-state solutions are possible (Eigen-
berger, 1972; Rhee et al., 1974). Aside from the fully ignited
or fully extinguished states, the heterogeneous model may
create a stationary front solution (Sheintuch, 1987). Fluid
conditions at the front position correspond to front stationar-
ity (Eq. 15) and the front typically separates an extinguished
domain upstream from an ignited one downstream. The solu-
tion is stable since a small displacement of the front position
(say, downstream) will induce conditions (higher fluid tem-
perature) that counteract the original perturbation.

Motions in a fixed bed with bistable kinetics are not lim-
ited to multiple states. The interaction of thermal multiplicity
and reactant flow may induce a periodic sequence of up-
stream-moving pulses. To demonstrate this motion we simu-
lated and analyzed the behavior of the single-variable (fixed
y) condensed model (Eq. 8), which can be written as an inte-
grodifferential equation of the form

u,—u,, = f(u,A) (27a)
u,(0,t)=u,(L,1) (27b)
zg(u) dz

A=A+ fo — (27¢)

Let us define A so that f =0 is S-shaped in the (u, A) plane.
The necessary conditions to exhibit patterns, then, are that
the system exhibits symmetry-breaking interaction between
the phases and that g(u) should change sign so that g <0
(> 0) on the upper (lower) branch of the f = 0 nullcurve, To
obtain nonmonotonic dependence of g(u) another source or
sink, in the form of a second reaction or of an evenly dis-
tributed supply or removal of mass or enthalpy, is necessary:
In an adiabatic reactor such behavior is possible when a sec-
ond consecutive endothermic and highly-activated reaction
occurs so that heat is adsorbed at high temperatures and pro-
duced at low temperatures. In an isothermal reactor oscilla-
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tory behavior will emerge if the reactant to the main reaction
is produced by another reaction or supplied through the wall
(i.c., a membrane or cross-flow reactor) at a constant rate
that is intermediate between the consumption rates at the
two branches of the main reaction.

The main motions in such a reactor can be demonstrated
with a cubic reaction generation function, f= —u>+u+ A,
and a linear g(u) = — u one. Typical solutions for A;, = 0 show
successive pulses that are generated at the reactor outlet (at
the right-hand side, Figure 21) and move upstream. The be-
havior will be similar for any other f(u, A), g(ux) that obeys
the preceding conditions and when A= 0 is the fluid-variable
for which diffusion-reaction fronts are stationary. Further
analysis and approximate solutions are presented by Shein-
tuch and Shvartsman (1994).

Oscillations and excitability

Observations. Self-sustained dynamic behavior, in the
form of successive birth and propagation of ignition and ex-
tinction fronts, was reported by Puszynski and Hlavacek
(1984) in a nonadiabatic reactor catalyzing CO oxidation. In
the region of global monostability a hot spot emerged at the
reactor inlet, propagated toward the outlet at an average ve-
locity of 10™% m/s, and died out as another hot spot was
born at the inlet (Figure 22a). A similar behavior was ob-
served with the same reaction in an adiabatic fixed bed (Wicke
and Onken, 1988): A hot front emerged at the reactor inlet
and moved downstream as its amplitude increased (Figure
22b). A single catalytic pellet, when subject to the inlet ambi-
ent conditions, was shown to exhibit small-amplitude
thermokinetic oscillations. The authors suggest that at the
border between local mono- and bistability these oscillations
may be strongly amplified by triggering successive fronts.

Sheintuch and Adjaye (1990) and Dvorak et al. (1993) ob-
served motions of excitable waves in response to a local per-
turbation at the inlet of an adiabatic reactor catalyzing C,H,
or CO oxidation, respectively. Setting a local perturbation at
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Figure 23. (a) An excitable wave in an adiabatic
fixed-bed catalyzing ethylene oxidation: per-
turbation of the upstream section sends a
front that travels and exits the reactor while
a new front appears at the inlet (Sheintuch
and Adjaye, 1990); (b) pulse motion after
setting a local ignition to the feed section of
an adiabatic bed during CO oxidation.
Courtesy of Dvorak et al. (1993).

the inlet of a 30-cm-long bed packed with Pt/Al,O; catalytic
pellets induced a front that moved at constant speed and
shape, in the case of ethylene oxidation (Figure 23a). The
front always moved downstream until its exit. A hot spot then
appeared at the inlet (at 180 min; Figure 23a). It developed
and spread across the reactor, and the old steady state was
established (see Sheintuch, 1990b, for the qualitative analysis
of this transient). In the case of CO oxidation, local heating
of the reactor inlet, or of an intermediate position, created
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an ignition front that propagated at constant speed through
the bed followed by the extinction front (Figure 23b).

Modeling. We focus our attention now on typical motions
that may emerge in a heterogeneous model of a fixed bed
with oscillatory kinetics. While a homogeneous thermokinetic
model (i.e., one with C, and T; as its dynamic variables) may
exhibit oscillatory behavior, it does so for unrealistic values of
parameters and predicts unrealistically fast oscillations. The
motions in the fixed-bed reactor differ from those in a uni-
form medium due to the convective flow and the effects of
reactor boundaries: the local conditions in the bed (fluid con-
centration and temperature) vary in conjunction with the state
of the system (extinguished or ignited) and the local state of a
single pellet (i.e., the corresponding phase plane) may vary
from an excitable one, upstream, to an oscillatory one, down-
stream. Two groups recently studied extensively the motions
in a fixed-bed reactor. We studied the dynamics of a hetero-
geneous reactor model that accounts for a local (solid-phase)
oscillator and a global (gas-phase) convective interaction:
Rovinski and Menzinger (1992, 1993) (see below) analyzed a
model in which the activator or the inhibitor was moving while
the other variable was immobile.

Barto and Sheintuch (1994) analyzed the behavior of a de-
tailed adiabatic-bed model in which an exothermal reaction
occurs. The local oscillator, similar to that employed for stud-
ies of global interaction, incorporated a fast and diffusing
surface temperature and a localized activity as its dynamic
variables. Pattern selection was determined by the nature of
interaction between the phases, by the phase planes spanned
by the reactor, and by the ratio of the two slowest time scales:
front residence time and the period of oscillations. In an adi-
abatic reactor with exothermic positive-order oscillatory reac-
tions, or in other reactors with symmetry-preserving interac-
tion, the common patterns are as follows:

e Excitable behavior is realized when a local perturbation
is applied to the outlet (Figure 24a) or to the inlet (Figure
24b) of a bed lying in the excitable domain. When the bed is
initially ignited, the excitation will send a trigger front that

L
(a) (b) (c) (d)

Figure 24. Spatiotemporal patterns, simulated with an
adiabatic fixed-bed reactor mode!, showing
excitable wave motion, after setting a local
extinction to the inlet (a) or exit (b) section,
and simple (c) or complex (d) periodic pat-
terns.

Courtesy of Barto and Sheintuch (1994).
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Figure 25. Aperiodic split-band (top) and coalescing-
band (bottom) patterns simulated with an
adiabatic fixed-bed reactor model.

Courtesy of Barto and Sheintuch (1994).

sweeps through the bed, followed by a relaxation back into
the ignited state and a second trigger (Figure 24a) or phase
(Figure 24b) front. Figure 24b accounts for the observation
made during ethylene oxidation (Figure 23a) that the initial
slow front is induced by conduction while the consecutive fast
front is mediated by convection.

e Almost homogeneous oscillations (periodic horizontal
bands) emerge when the inlet is oscillatory; when the inlet is
excitable, but the outlet is oscillatory, periodic (parallel band,
Figure 23c) patterns emerge with upstream-moving fronts that
move fast through the downstream section and slow down as
they reach the inlet.

AIChE Journal
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Figure 26. Spatiotemporal patterns simulated for an
isothermal reactor with oscillatory kinetics.

Oscillatory fronts {a), (b), and simple (¢} or complex (d)
sticking fronts. Courtesy of Shvartsman and Sheintuch
(1994).

® Upstream-moving pulses emerge when the inlet is oscil-
latory but the outlet is nonexcitable.

e Stationary, oscillatory, or sticking fronts emerge when the
system spans the bistability region. In the latter pattern the
front originates at the outlet and moves upstream before
turning around and disappearing (similar to Figure 26c).

e Split-band-patterns appear when new fronts are gener-
ated inside the reactor, but they cannot propagate due to the
refractory trail of the previous pulse. They form multiperi-
odic (Figure 24d) or aperiodic (Figure 25a) sequence of
pulses; the understanding of the transition between these
multiple structures has not been achieved yet. Successive coa-
lescence of fronts, as they move upstream, may also generate
an aperiodic pattern (Figure 25b).

A finite difference scheme was employed to solve the de-
tailed model described earlier, using realistic widely sepa-
rated time and length scale parameters. Numerical solutions
of this type are too computer-time-consuming to screen the
parameter space. To overcome the computer-time constraints
Shvartsman and Sheintuch (1995) classified the main spa-
tiotemporal patterns in one-dimensional reactors and ex-
tended the simulation into two-dimensional models using
simplified kinetics and integration procedures. The phase
plane was approximated by a piecewise linear model, while
the numerical scheme (Barkley, 1991) utilized time-scale sep-
aration and is a numerical equivalent of the singular pertur-
bation approach to the problem. A model similar to this one
was used to simulate the properties of spiral waves during
low-pressure CO oxidation on Pt (Bar et al., 1994). The be-
havior of an adiabatic reactor was analyzed, as well as that of
an isothermal-fluid reactor in which the fluid temperature is
constant but the solid temperature varies due to reaction.
Motions in an adiabatic reactor were similar to those of the
exact model (Barto and Sheintuch, 1994). The main differ-
ence between adiabatic and isothermal-fluid PFR is that in
the latter convection induces symmetry breaking (in the sense
that it favors solutions in which different parts of a reactor

April 1996 Vol. 42, Neo. 4 1063



belong to different branches of the pseudo steady state) in
positive-order kinetics, while in the former convection in-
hibits asymmetry.

Similar patterns may be realized in a one-dimensional
model of an isothermal reactor with bistable or oscillatory
kinetics. Shvartsman and Sheintuch (1994) analyzed such a
model, in which the local oscillator, similar to a reversible
Brusselator, accounts for the reaction between two gas-phase
species whose concentration varies along the reactor: Species
A (e.g., oxygen) accelerates the rate, while species B (e.g.,
CO) inhibits it. Many of the patterns were found to be very
similar to thermal patterns in a nonisothermal reactor. The
distinction made here between A-limited and B-limited reac-
tors is similar to the distinction made in thermal patterns be-
tween those produced in an adiabatic reactor (or with sym-
metry-preserving interaction) and those emerging in an
isothermal-fluid reactor (symmetry-breaking interaction).
Patterns that emerge in reactors with symmetry-preserving
interaction were described earlier (see also Figures 26¢ and
26d). A PFR with symmetry-breaking interaction may exhibit
the following motions:

e Upstream- or downstream-moving pulses (parallel bands)
or source points (V-shaped bands) emerge when the system
spans the oscillatory domain; if the inlet or outlet are not
excitable, the pulses terminate short of the inlet or outlet,
respectively.

e Stationary or oscillatory (Figure 26a) fronts emerge when
the bistability domain is spanned; the amplitude of the front
oscillations in the latter pattern may span the whole reactor
(Figure 26b).

The patterns outlined earlier can also be predicted by the
condensed model (Eq. 8) using simple cubic kinetics (Shein-
tuch and Shvartsman, 1994). For the PFR asymptote, the
model takes the form

z(u+u )
u,—uu=—u3+u+v+()tin+bf —ﬁ-g—dz) (28a)
0

u,(0,0)=u,(L,t) (28b)
1
~v,=— au-—u. (28¢)
€

The cases with b =1 or —1 correspond to symmetry-preserv-
ing or symmetry-breaking interaction, respectively. Recall that
this model also accounts for the case where mass (as well as
heat) is supplied or removed along the reactor, for example,
through a membrane, so that the fluid variable need not nec-
essarily be monotonic; this case, which was modeled by
choosing u, =0, did not reveal new motions, different from
those predicted for a bistable system (Figure 21), except that
for large a the solution may become multiperiodic.
Rovinsky and Menzinger (1992) suggested that disengage-
ment by differential transport may be accomplished not only
by the difference in diffusivities of the two variables but by
the differential flow of these variables as well. They have
demonstrated this DIFICI by analyzing the condensed model
with a flowing activator and localized inhibitor (Eq. 10). The
model may admit a homogeneous solution and is amenable
to linear stability analysis aimed at deriving the critical flow
rate that induces this instability. Sustained patterns may be
realized only when the instability feeds itself by imposing pe-
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riodic boundary conditions, which are highly unrealistic for
fixed beds, or by incorporating a recycle stream. Numerical
simulations of the Pushinator model with a differential flow
term in a one-dimensional ring-shaped reactor, yielded trav-
eling waves that moved in the flow direction (Rovinsky and
Menzinger, 1992). Experiments with the oscillatory BZ in a
straight tube reactor packed with immobilized ferroin showed
that a system that is stable in a quiescent medium may be
destabilized by the flow of one of the reactants (Rovinsky
and Menzinger, 1993).

DIFICI may be induced when both reactants are flowing,
but also when their respective wave velocities are sufficiently
different. Yakhnin et al. (1994) considered a homogeneous
model of a cross-flow reactor in which an exothermic reac-
tion was conducted. Homogeneous oscillations are not possi-
ble when the solid heat capacity is large, but patterns may be
realized due to the interaction of the slow propagation of
thermal waves with the fast motion of reactant waves. This
difference is known to induce “wrong-way behavior” in real-
istic fixed-bed models. Patterns are obtained when periodic
boundary conditions are imposed, or when inlet concentra-
tion and temperature are varied periodically, but they disap-
peared when conventional Danckwerts conditions are ap-
plied. In the absence of feedback of perturbations, this sys-
tem is capable of amplifying small oscillations in the feed, but
will not generate sustained patterns. The necessity of peri-
odic conditions for the emergence of patterns was confirmed
by Dawson et al. (1994), who showed that perturbations will
be dampened at any particular position while they grow in a
traveling coordinate system, or in the direction of the flow.
Yakhnin et al. (1995) showed that a reactor subject to con-
vective instability acts as a filter for the random noise applied
to the reactor inlet, selectively amplifying the perturbations
corresponding to the maximum of the dispersion relation. In
the case of periodic perturbations of the input parameters,
the reactor generated traveling waves whose wave amplitude
increased downstream. It is possible that this instability may
account for the wave-train pattern with increasing amplitude
reported by Onken and Wicke (1986; Figure 22b). Sangalli
and Chang (1994) studied the interaction of DIFICI and Tur-
ing instabilities, and showed that it may lead to spatiotempo-
ral chaos.

Concluding Remarks

Spatiotemporal patterns should be common to many cat-
alytic (especially oxidation) and electrochemical reactions
since these classes of reactions exhibit nonlinear kinetics. The
detection and classification of patterns is challenging aca-
demically as well as rewarding technically. The preceding re-
view demonstrated that patterns in high-pressure systems
typically emerge due to global coupling and are distinctly dif-
ferent from classic reaction-diffusion patterns. The identifi-
cation and classification of patterns are important for design
and operation procedures, as these reactions are employed in
pollution-abatement processes and in alternate fuel produc-
tion. We tried to present a comprehensive classification of
patterns by considering reactors of increasing degrees of
complexity: a wire or ribbon exposed to uniform conditions, a
globally coupled catalyst in a mixed reactor or in a control
loop, and a fixed bed in which coupling by convection occurs
only in one direction. While the mechanism of catalytic oscil-
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lations at high pressures is still being debated, the similarity
of the patterns simulated for various detailed and condensed
models along with qualitative understanding of the motion,
suggests that these patterns are highly insensitive to the ki-
netic details, provided that the relation among the length and
time scales are maintained.

Future research into catalytic patterns should focus on two
targets: (1) the study of realistic models of catalytic (e.g., pol-
lution-abatement) processes, to determine the implication of
pattern formation and front motion on design and control
and to verify these motions experimentally, and (2) the study
of pattern formation due to global coupling, mainly in two-
and three-dimensional systems. A target that remains elusive
at this stage is the exploitation of spatial patterns in order to
enhance reactivity, selectivity, or catalyst activity.

A realistic model for CO and olefins oxidation in a cat-
alytic converter, which is necessary in order to optimize the
startup of a cold converter, should account for thermal ef-
fects, for temperature and concentration gradients between
the phases, and for the nonlinear kinetics of surface reac-
tions. Recent designs employ resistive heating in order to ex-
pedite the startup of a cold converter (Oh et al., 1993). Such
heating can be applied locally, in order to produce a traveling
front, or globally (using a metallic monolith) to heat up the
whole reactor or its part. With limited (battery) power such
heating should be optimized to determine the distribution of
power input in space and time. Since a local perturbation
may produce a sustained traveling pulse, an optimal heating
policy may be obtained by periodic local perturbations at the
inlet or the outlet. Another process likely to exhibit pattern
formation is the reverse-flow reactor, in which the feed is
periodically switched between the two edges of a fixed bed.
The desired solution is a stationary thermal pulse, or an oscil-
latory pulse of small amplitude of displacement. The behav-
ior is usually accounted for by a heterogeneous model (Re-
hacek et al., 1992). The class of reactions for which this
process is applied, namely catalytic oxidation on noble metal
catalysts, can exhibit complex behavior. It may be of interest
to study the design conditions (switching time) for excitable
or oscillatory media. A recent study of ethylene oxidation on
Pt/Al,0; in a circulating-loop autothermal reactor revealed
complex dynamics assoctated with periodic front motion
(Laushcke and Gilles, 1994).

Control of heterogeneous reactors in which the catalytic
phase can sustain spatiotemporal patterns is another novel
problem. Recent efforts were aimed at suppressing oscilla-
tory behavior caused by fronts moving in the solid phase: Qin
et al. (1994) used feedback control to suppress the hot spot
motion in order to eliminate the space-averaged oscillations
during CO oxidation on a supported catalyst. Qin and Wolf
(1994) applied vibrational control to the same system in order
to achieve higher conversions in the oscillatory regime.

The problem of pattern-formation due to global interac-
tion has established itself as a realistic and rapidly developing
area of research. Several such mechanisms, due to the inter-
action of convection-conduction and reaction, has been re-
viewed here, and other models of pattern formation are ex-
pected to emerge. Analytical results are still lacking for many
problems of global interaction. Analytical work for an ensem-
ble of oscillators may be possible in the extreme situations of
a system with widely separated time and length scales and in
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a system close to the Hopf bifurcation (the Ginzburg—Landau
equations). The advantage of such analysis is the expected
universality of behavior. The former approach is valid for
many catalytic systems that exhibit relaxation oscillations.
Scale separation is necessary for the description of traveling
fronts and pulses. Future studies of one-dimensional systems
should understand the transition between patterns and the
transition to aperiodicity and spatial chaos. Work on two-di-
mensional discs and foils subject to global interaction, via the
fluid phase or by control, should unravel the characteristic
patterns and their differences from those obtained in one-di-
mensional systems. Several two-dimensional limiting models
of the three-dimensional packed beds can be considered. In
the annular-cylinder reactor each longitudinal position is a
ring that may sustain moving patterns. In the full bed, when
angular symmetry is assumed, one can envision an excitable
wave in the form of an expanding ring that propagates down-
stream, after a local perturbation is applied at the center of
the inlet plane. When no symmetry is assumed we may find a
spiral wave emanating at the center of the inlet plane and
spiraling out (toward the wall) and down (toward the outlet).
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Notation

a; =stoichiometric coefficient
a,, A, =interphase surface area per catalyst or reactor volume,
respectively
C,r =heat capacity of the fluid phase
D,, 15:_,, = effective axial dispersion coefficient and axial conductiv-
ity, respectively
h =heat transfer coefficient
A H =reaction enthalpy
k. =mass transfer coefficient
L =reactor length
L, Ly =diffusion and conduction length scale, respectively
p=du/dy
t =dimensional time
V =interstitial fluid velocity
u,v =variables in the condensed model
u.,u;,u_=upper, intermediate, and lower steady-state solutions
z =dimensional axial coordinate
zg; =position of front i

{ ) =space average

Greek letters

€, =bed void fraction
€,y =ratio of time scales

8 =dimensionless diffusivity of the global variable

Aq =fluid variable feed value
p =density

0* = catalyst activity

6; = adsorbed layer concentration

77, Tc =thermal and concentration time scale, respectively

Subscripts

i =of species i
t,z =temporal and spatial derivatives, respectively
in =at the reactor inlet
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