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Temperature patterns on a hollow cylindrical catalytic pellet
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The atmospheric oxidation of a mixture containing 6 vol % carbon monoxide was carried out on a
hollow cylindrical catalytic pellet. The catalyst was held in a conical reactor which enabled
simultaneous measurement of the temperature patterns on the top and side of the pellet by an IR
imager. Upon a decrease in the reactor temperature the fully ignited, high temperature state of the
pellet is transformed to a nonuniform one with temperature fronts separating high and low
temperature regions. The transition and the resulting states are rather intricate and are strongly
influenced by the nonuniformity of the catalyst and the transport to and from it, as well as the global
coupling, which stabilizes temperature fronts and patterns, which would not exist in its absence.

Intricate pulse splitting and extinction were observed both on the top and the side of the pellet.
Highly irregular motions and conversions were obtained following a decrease in the reactor
temperature. ©1999 American Institute of Physids$1054-15009)00901-5

When an exothermic, atmospheric reaction is carried out
on a catalytic surface, its surface temperature exceeds
that of the ambient fluid. The length scale of the surface
temperature, which is the autocatalytic variable in the
system, is for most high-pressure, exothermic reactions
much longer than that of all the other dynamic surface
variables, such as surface activity or concentration. Thus,
it was assumed for a long time that the catalyst surface
temperature is uniform. However, experiments revealed
that a rich variety of temperature patterns exist. These
patterns may have a significant impact on the perfor-
mance of catalytic pellets used in very many important
industrial processes. Experiments using a thin ring re-
vealed that the temperature patterns are stabilized by
global coupling and are affected by the nonuniformity of
the catalyst activity. This study is part of a systematic
effort to gain an understanding of patterns on more com-
plex geometries, as industrial catalysts and catalyst bed
are three-dimensional bodies. Specifically, we measure by
an IR imager and a special conical mirror, the top and
side temperature patterns on a thin hollow cylindrical
pellet, which catalyzes the oxidation of carbon monoxide.
While some of the spatiotemporal temperature patterns
are similar to those observed on a thin ring, some are
more intricate. A reduction in the reactor temperature
tends to destabilize the temperature fronts. The global
coupling counteracts changes in the overall reaction rate,
and the catalyst nonuniformity affects the direction and
velocity of the temperature fronts.

I. INTRODUCTION

Spatiotemporal pattern formation is a ubiquitous phe
nomenon. Moving fronts, spiral waves, standing waves ar
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some of the many patterns that have been observed in sys-
tems as different as slime molds, electric discharge, brain
activity and others.

Insights stemming from extensive theoretical studies and
numerical simulations of nonlinear dynamic systems have
been accompanied by fascinating experimental results. While
the Belousov—Zhabotinskii reaction may be considered the
workhorse of homogeneous reaction-diffusion systems, the
study of the dynamics of heterogeneous catalytic reactions
has become increasingly important. Pioneering studies by
Ertl and co-workers on pattern formation under UHV condi-
tions have drawn attention to pattern formation in these
systems:® Our research, as that by several other groups, has
focused on catalysis at atmospheric pressure with the goal of
understanding and being able to predict the features and im-
pact of temperature patterns on industrial catalytic processes.

Early research was on one-dimensional model systems
with nonperiodic boundary conditions. Following work by
BuscH and Barelkoet al.® electrically heated ribbons have
been studied by Lobbaet al,® Lobban and Lus3Sheintuch
and Schmid® Cordonier and Schmidt,Cordonieret al,*°
Philippouet al.* and Philippou and Lus¥ The use of in-
frared thermography to monitor spatiotemporal surface tem-
peratures, introduced by Schmitz’'s grotdg? significantly
enhanced the study of these thermal patterns.

Even though interesting patterns like stationary and
moving temperature fronts were observed, the heat losses at
the ends of the ribbons eventually turned out to have an
overwhelming impact on pattern selection. The studies were
hence redirected to one-dimensional model systems with pe-
riodic boundary conditions, catalytically active thin rings.
Close inspection of stationadand moving®8hot spots on
such rings revealed two crucial phenomena frequently en-
gountered in heterogeneous catalytic systems. First, the hot
spots are stabilized by a global coupling mechanism. Any
attempt of the hot spot to, say, grow wider, would decrease
the concentration of the deficient compound in the gas phase
and hence arrest the front motion. This has been studied
theoretically by Middyaet al'® Second, angular periodic
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variation of the speed of a hot spot traveling around a ring
indicates an intrinsic nonuniformity of system properties.
The effect of such inhomogeneities has, e.g., been described
in simulation studies by Liauvet al.?° Shvartsmaret al,?

and Sheintuci?

Useful as the ring geometry may prove to study spa-
tiotemporal pattern formation, most systems of practical in-
terest display more complicated geometries. One step to-
wards these systems consists in studying patterns on two-
dimensional model systems with nonperiodic boundary
conditions, catalytically active disks or waférs2>Complex
behavior found by Lanet al?® was again convincingly ex-
plained with nonuniformity and global coupling.

This paper takes the quest for real-life geometries yeftIG. 1. Bottom of figure are schematic tdleft) and side(right) views of
another step further. The system under scrutiny is a hOllOWthe. reactor and catalyst pellet. Top of figure shoyvs _the mirror and a typical

. . . . . IR image. The black colofon part of the catalystindicates that the tem-
thin cylindrical catalytic pellet, which may be looked UPON yeratyre in that area differs from that around it.
as a two-dimensional model system with a periodic boundary
condition. Combining the infrared thermography with a coni-
cal mirror allows for monitoring the temperature distribution The reactor was placed inside an insulated oven and its wall
on both the top and outside of the cylinder as a function otemperature controlled with a PID controllefOmega
time. Note that the inevitable nonuniformity of catalyst prop- CN2041).
erties is accompanied by intrinsic changes of gas phase com- The incoming gases were fed through four angularly
position and flow along the axis, and again by a global cousymmetric inlet port$4.7 mm i.d) located 13 mm upwards
pling via the gas phase concentrations. It should be notetfom the reactor bottom, which was filled with glass beéls
that the propagation of waves over two and three dimenmm diam) to distribute the feed. The effluent exited through
sional structures is commonly encountered in biologicafour similar ports at the reactor tq@.7 mm i.d., shifted by
heart tissue(see Chaos, March 1998 Focus Issue on thigt5° with respect to the inlet ports and 64 mm upwardéie
subject or electrochemical system&:2° feed gases were certified grade mixture of 30 vol % carbon
monoxide and 70 vol % nitrogefAeriform), purified grade
nitrogen(99.998% purgand extra dry grade oxygepurity
99.6%9. The carbon monoxide was passed through a carbo-
nyl trap of a molecular sieve adsorbgBtA zeolite; Lindg
kept at 240 °C. The feed gases were mixed in a bed of glass

An IR imager was used to measure temperature patterr%e_ads' purified, anq dried by activated charcoal purifiers
during the atmospheric oxidation of carbon monoxide on(Lmde) before entering the reactor. The gas flow rates were
a hollow, cylindrical(28 mm i.d., 38 mm o.d., and 16 mm controlled by thermal mass flow controlle(6C-280, FC-

long) catalytic pellet of 0.9 wt.% Pd on alumina. It was 261 @nd FC-260; Tylan; accuracy1%). The effluent car-
made by pressingl.5 tons/crf), in a die, a palladium bon monoxide concentration was continuously monitored

on alumina powde(1% Pd; Aldrich thoroughly mixed with with an mfrare_d analyzefAR-411; Anarad. No reaction

a liquid alumina hardengA17401; Zircaj. The pellet was was detected in tohe empty reactvithout catalyst when
placed in a conically shaped stainless steel rea@b8 mm heated up to 200°C.

top diameter, 38 mm bottom diameter, conical section 4

m?n high, total height 89 mm, total volume of 492 Hnon q“' EXPERIMENTAL RESULTS

the tips of three vertically placed, sharp-tipped pins. The re-  Mixtures containing 6 vol % carbon monoxide, 70 vol %
actor lid was a quartz window. The reactor inside walls wereoxygen and 24 vol % nitrogen were used as the feed to the
polished and gold coated to provide a nonreactive, IRteactor in which the carbon monoxide was oxidized on the
reflective surface. The conical surface was inclined by 45tatalytic pellet. Unless otherwise specified, the feed flow rate
with respect to the horizontal plane so that the infraredvas 800 criymin (at room temperatuie so that the space
radiation from the catalyst side was reflected upwards antime (reactor volume divided by reactant volumetric flow
normal to the quartz plate. The IR radiation from the top andate at room temperatureas 35 s. The catalyst was bistable
side of the catalyst pellet was measured by an Amber Radand the low conversion, low temperature, extinguished state
ance PM infrared camera with a 28856 indium- ignited at about 170 °C. Upon cooling the fully ignited, high-
antimonide detector array. A mirror was used to enable théemperature state shifted at about 85°C to a nonuniform
camera to view the catalyst at a distance from the dgee state, in which temperature fronts separated regions with
Fig. 1) with a spatial resolution of 0.4 minThe 256<256  high and low temperatures. This nonuniform state persisted
image was recorded on a P@enerally, at the rate of 1 even with no external heating.

image every minufeusing Imagedesk I{(software; Ambe. Typical states observed as the reactor temperature was
Special temperature calibration was done to account for thdecreased are shown in Fig. 2. Figi) 2lescribes four instan-
infrared absorption and emission of the quartz reactor lidtaneous observations of the temperature at the top of the

IR Image

To IR Camera
Catalyst Top

Electrical Heating

Il. EXPERIMENTAL SYSTEM AND PROCEDURE
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65 °C T ] 190 °C FIG. 3. Temporal temperature and reactivity of the catalytic pellet in a

reactor kept at 65 °Qi) Surface temperature of the catalyst top as a func-
FIG. 2. The transition from a fully ignited to a nonuniform state upon a tion of time and angular positiofii) Instantaneous catalyst side temperature
decrease in reactor temperature for a feed flow rate of 80tngm (i) as a function of axial and angular position. The times correspond to those
Infrared images of the pellet tdmner ring and sidg(outer ring at different marked by arrowsa)—(e) in (i). (ii ) Corresponding effluent CO concentra-
reactor wall temperaturei) Dependence of the instantaneous catalyst sur-tion.
face temperature on the axial and angular position.

pellet (inner circle and on its sidéexternal circlg. For the ~ zone(backfiring on the top of the pellet occurred also at a
sake of clarity, bar view$Fig. 2(ii)] of the instantaneous reactor wall temperature of 55 I€ig. 4(i)]. In this case, the
temperature patterns on the side of the pellet are present&d0 hot zones existed for a longer fraction of the period than
below the four actual images. The temperature at the top dhat at 65 °C[Fig. 3(i)]. The instantaneous temperature pro-
the pellet is very close to that on its upper part. When the
reactor wall temperature was 100 °C the pellet was fully ig-
nited. At about 85 °C a cold, stationary region formed at the
bottom of the pellet. It propagated upwards upon further
cooling of the reactor. At 70 °C the lower half of the pellet
was extinguished, while a small hot region existed at the top.
The reactor carbon monoxide concentration and the maxi-
mum pellet temperature increased as the reactor was cooled.
When the reactor was kept at 65°C a hot region formed,
which was smaller but deeper than that at 70(%€e Fig. 4
2(ii)]. This hot region then expanded and became shallower. Time [hr]
It eventually split into two distinct hot regiorisee the two 55°C 200 °C
states at 65 °C in Fig.(R)]. The two hot regions moved and

eventually one extinguished and the other expanded back to

the size of original single hot zone. This repeated pulse split- ii. Instantaneous temperature
ting and extinction of one of the two pulses is apparent from
the angular position-time dependence of the temperature on
the top of the pellefFig. 3(i)]. The five maps of the instan-
taneous temperature dependence on height and angular posi-
tion [Fig. 3(ii)] show the change in depth of the hot zone and
its periodic (period of about 2 hsplitting and subsequent
extinction of one of the two hot regions. The corresponding
reactor CO outlet concentratigfig. 3(iii )] decreased as the

hot zone expanded. A marked increase in CO concentration
was noticed as the hot region split to two small ones. When
one of the two hot regions extinguished, the decreased reac-
tion rate caused another small increase in the CO effluent
concentration. The concentration of the CO decreased monIQ—TG. 4. The temperature at the top of the pellet in a reactor at 5%iyC.

tonically a:S t_he single zpne eXpanqed-. Temperature as a function of time and angular posit{on.Instantaneous
A periodic generation and extinction of a second hottemperature profiles at times corresponding to arrays(f) in (i).

Angular position [°]

Temperature [°C]
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FIG. 6. Irregular behavior observed when the reactor temperature is 33 °C

FIG. 5. Back and forth motion of a hot zone when the reactor is at 4G7C and the feed flow rate is 1600 émin. (i) Top of pellet temperature as a
i " _function of time and angular positioli) The corresponding effluent CO

Catalyst top surface temperature as a function of time and angular positionc.Oncentration rofile
(ii) Corresponding effluent CO concentration profile. p ’

ever, when the original pellet position was restored, the
original type patterns were obtained. Typical temperature
patterns of the upside down turned pellet are shown in Fig. 8.
eAt 105 °C, the pellet was fully ignited. Additional cooling
generated an extinguished zone which extended from the
bottom to the top of the pellet. At 90 °C two connected hot
zones existed, one at the bottom and one at the top. In con-
El :
trast, when the pellet was not turned upside down, the whole
bottom of the pellet cooled while the top remained ignited as
cal to collect data over the long period needed to characteriztge temperature was decreagdl. Aii)]. At 65°C wo hot
zones existed, one at the bottom of the reactor, and one that

this irregular time series. .
Increasing the flow rate shifted the transition betweenextended from the bottom to the top. At 55 °C two hot zones

the ignited and the nonuniform state to lower reactor tem-ex'Sted’ one at the top and one at the bottam of the pellet.
peratures, but did not change the qualitative features from
those observed at a flow rate of 800%min. For example,

at a flow rate of 1600 cimin, the pellet remained at an
ignited state until the reactor temperature was about 40 °C.
The spatiotemporal temperature pattern on top of the pellet
changed after abow h for a reactor wall temperature of
33°C [Fig. 6€(i)]. Similar slow evolution and temporal
changes in the temperature pattern features were observed in
other experiments. The corresponding effluent CO concen-
tration[Fig. 6(ii)] was rather irregular, as it was in Fig(ii3

for a similar reactor temperature.

The behavior at a flow rate of 400 émin (Fig. 7) was
similar to that at higher flow rates but no splitting of the hot
zone was observed. A stationary hot pulse was obtained at
high temperatures. Cooling decreased its width, increased its
maximal temperature and caused a back-and-forth motion of
the temperature fronts. This motion became more erratic 1
upon reduction in the reactor temperature. Time [hr]

The intrinsic activity of catalytic pellets is usually non- o o

: . ; so°c T ] 200 °C
uniform. To check this effect experiments were conducted
with the pellet turned upside down. This rotation of the pelletrig, 7. Influence of changes in the reactor temperature on the hot zone for
changed the type of temperature patterns generated. Howi-feed flow rate of 400 chmin.

files at six different timegFig. 4(ii)] clearly illustrate the
periodic wave splitting(backfiring and subsequent extinc-
tion of one of the two hot regions.

When the reactor was further cooled to 40 °C a singl
narrow hot zone formed at the top of the catalyst, which
moved in an irregular fashion back and fofffg. 5(i)]. The
corresponding effluent reactant concentration changed in
irregular way. Due to the rather low frequency of the motion
(oscillation period exceeding half an houtrwas not practi-

w
8o

Angular position [°]
S g
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ger. Att=220 min the hot region split into two. One of these

T I — I 10870 extinguished between 250 and 275 min causing the other one
- m 90 °C to grow. The axial as well as the azimuthal location of the
< . ignited regions changed from one period to the other. When
2 m 6= the pellet was not turned upside down, a hot zone existed
T m e only at the top of the pellet under the same conditi¢fig.

0 180 360 5.

Angular position [°]
ssoc ] 190 °C IV. DISCUSSION OF RESULTS

FIG. 8. Dependence of the pellet side temperature on the reactor tempera- The_ temperature proflles o_bse_rved on the Catalytlc hol-
ture for the upside down turned pellet. low cylinder were much more intricate than those observed

previously on a catalytic ring on which the same reaction

was carried out®3! Temperature gradients existed in both
The cross sections of the two zones were smaller than thoseimuthal and axial direction. No radial temperature gradi-
formed at 90 °C, but extended further from the top and botents were observed on the top of the thin hollow cylinder in
tom and had a higher maximal temperature. all the experiments. While the temperature patterns observed

A periodic formation of two hot zones and subsequenton the top of the hollow pellet were qualitatively similar to

extinction of one of those occurred at 39 °C and a flow ratehose observed on a thin rifg?the temperature patterns on
of 1600 cni/min [Fig. 9i)]. Initially, at t=0 min a large hot the pellet side show that these patterns are more intricate
zone existed, which extended from the bottom to the top othan those on a thin ring, and that in many cases the tem-
the pellet. Att=15min, the hot zone split so that two dis- peratures on the top and bottom of the pellet were different.
tinct hot zones existed at the bottom of the pellet. The two  Most theoretical and experimental studies of pattern for-
zones were connected at the upper part of the pellet and ontyation are of diffusion-reaction systems. The patterns ob-
one zone existed at the top of the pellet. The instantaneowserved in our studies are affected by two additional factors;
temperature pattern on the pellet side-atl5 min resembles (1) global coupling and2) the nonuniformity of the catalyst
that obtained during pulse splitting on the top of the pelletactivity, the transport coefficients and the flow in the reactor.
(see Fig. 4 At t=50min two distinct hot zones existed, The global coupling is caused by the interaction between the
which extended from the bottom to the top of the pellet. Oneoverall reaction rate and the finite rate of the feed of reac-
of these two then extinguished and the second became bigants to the reactdr:?>*2A local increasedecreaseof the
reaction rate at some location on the pellet decreéises
creasep the reactant concentration in the reactor. This, in
turn, decrease@ncreasepsthe reaction rate and temperature
at all the other points on the surface. Thus, each point is
affected by the reaction rate at all other points. The global
coupling in this system stabilizes temperature fronts and pat-
terns that would not have been stable otherwise, and coun-
teracts any changes in the reactant concentration in the ves-
sel. The reaction rate in the hot zone is significantly higher
than that in the cold region. Thus, global coupling attempts
to keep constant the total size of the hot zones. When one hot
spot is extinguished, such as shown in Figs. 3, 4 and 9, the
size of the remaining one increases. Similarly, the global

Height —»

180 coupling attempts to maintain a constant total reaction rate,
Angular position [°] counteracting any changes in the distance between two mov-
sooccHHEEETT ]205°C ing fronts, such as those in Figs. 5 and 7. The influence of

the global coupling can be reduced by increasing the flow

rate of the reactants to the reactor. Thus, the increase in the
flow rate decreased the range of reactor temperatures for
which a nonuniform state was obtained.

It is well known that it is extremely difficult to prepare
supported heterogeneous catalytic pellets having uniform ac-
Tefffg tivity. This is further complicated by the reaction-induced

4 nonuniform change of activity. All previous studies of spa-
Time [hr] tiotemporal patterns during atmospheric reactions on hetero-

_ o _ ~geneous catalysts were affected by this nonuni-
FIG. 9. Formation and extinction of hot zonecs on the side of the .”ps'd%ormity.11'14'30*31'33'34Theoretical studies of the impact of
down turned pellet when the reactor is at 39 °C and the feed rate is 160 . .
cr/min. (i) The instantaneous surface temperature on the sides at differerg@talyst nonuniformity on observed patterns were reported

times. (i) The corresponding effluent CO concentration profile. among others by Liauwet al,?° Sheintuci?? Bar et al,®®

50 ii. Effluent CO concentration
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Bangia et al,*® Schiz et al®” and Hagberget al®® The caused by the surface activity and/or the reactant concentra-
change in the temperature patterns when the catalyst ton. The time constant, of the reaction is X(T,), where
turned upside down is a clear manifestation of the nonunik(T,) is the reaction rate constant. This,the ratio of these
formity of the catalytic activity. In most, but not all, cases, two time constants equalsa, /(k(T,)pcp). This ratio in-
rotation of the pellet around the vertical axis did not changecreases as the temperature decredses, to the decrease in
the azimuthal location of the pattern. This indicates that the(T,)) decreasing the stability of the temperature fronts. In
flow and corresponding transport coefficients are azimuthallghe absence of global coupling the destabilization usually
not uniform. In addition, the heat and mass transfer coeffileads to a pitchfork bifurcation and a breathing motion of the
cients along the pellet side, bottom and top are not unifornpulse. A smooth transition of a standing pulse to traveling
and this enhances the formation of zones with different tempulse is also possible, in the absence of global coupling, as
peratures. The nonuniformities often constrain the movemerdemonstrated by Mimura and NagayafiaKrischer and
of temperature fronts and hot zones and restrict them to ceMikhailov** showed that in the presence of global coupling
tain regions on the catalyst. For example, the restricte@n increase oR might cause a transition to a moving pulse.
movements of the temperature pulses in Figs. 4 and 5 aréhe strength of the coupling determines whether the transi-
most probably caused by the inherent nonuniformities. Ation is subcritical or supercritical. The meandering motions
similar impact of the nonuniformities on the temperature patat low temperatures, shown in Figs. 5 and50°C), are
terns on a thin catalytic ring was reported by Annamalaicaused by such a destabilization. The nonuniformity of the
et al,* Liauw et al,** and Somanet al®® catalyst which restricts the pulse motion leads to the back
Backward motion of a pulse is usually prevented by theand forth motion. The temporal CO effluent concentrations
inhibitor present in the refractory region of the pulse. How-Obtained at low reactor temperaturgee Figs. 4 and)Gare
ever, pulse splitting and wave revershhckfiring may be rather irregular. Unfortunately, the very low frequency of
induced by local transitions in the state of a system from afihese motions makes their proper analysis unpractical.
excitable to a bistable one. It was observed previously —The experiments with the hollow cylinder strongly sug-
among others by Sevcikovat al*° in a one-dimensional gest that very rich and complex temperature patterns may
Belousov—Zhabotinskii reaction system under the influenc&Volve on three-dimensional catalysts which are widely used
of an electric field and by Baet al** during low pressure in the industry. In particular, it is of importance to under-
CO oxidation on RIL10). The latter behavior was attributed Stand and be able to predict their impact on the catalytic
to the existence of local inhomogeneities. It should, howeveri€action rate and selectivity. Proper description and under-
be noted that Baet al*?> and Mimura and Nagayarffaob- standing of the patterns is also crucial for proper control
served backfiring in simulations of spatially homogeneousz‘mealsureé‘-6 The presence of global coupling and catalyst
media. Our experiments revealed backfiring on both the peldonuniformity increases significantly the possible types of
let top (Figs. 3, 4, and Band side(Fig. 9). In the periodic patterns. Many other important systems, such as muscles and
pulse splitting shown in Fig. 4, each period consisted of twaPther .tissugs, are intrinsically nonuniform. The impact of
pulse splitting followed by extinction of one at two different Nonuniformity of the heart muscle on electrical potential mo-
angular locations. In other experimerii®t shown hergthe ~ tion was described by W'”fréé?‘”d the March 1998 focus
period consisted of a repeated pulse splitting at the sam§Sue of this jogrnal. The spatiotemporal patterns observe(_j
location. The pulse splitting may have been caused by a loc4" €lectrochemical systems asresgllso affected by both nonuni-
nonuniformity which led to a shift from excitable to bistable formity and global coupling®=*? A strong influence of
dynamics as in the experiments byrBzt al! It may have reaction-induced surface restructuring was observed even

also been caused by the interaction between the local reafuring ultrahigh vacuum reactions on a cylindrical Pt single

tion dynamics on the pellet and the global coupling. TheCrystal®™>? Our experiments and those on heart fibrillations

extinction of the pulses at the two angular locations is mosfNd €lectrochemical systems point out the need to gain a
probably due to the nonuniform catalyst activity. The globalP€tter understanding of pattern evolution in two and three
coupling causes the rapid growflexpansioh of one hot dimensional bodies, and in particular those which are af-
zone as the other is extinguished. Decreasing the reactor terfcted by local nonuniformities and global coupling.

perature decreased the overall reaction rate and increased the

CO concentration in the reactor. This, in turn, decreased th@CKNOWLEDGMENTS
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