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Abstract

The catalytic reduction of nitric oxide b¥f, over the Pt(1 0 0) surface is studied as a function of partial pressures and diffusion of the
reactants. Within the mathematical mean field model, originally proposed by Makeev and Nieuwenhuys [A.G. Makeev, B.E. Niewenhuys,
Mathematical modeling of the N@ H,/Pt(1 0 0) reaction: “surface explosion”, kinetic oscillations, and chaos, J. Chem. Phys. 108 (1998)
3740-3749], we incorporate the diffusion of adsorbed NO and H and the inhibitory site-blocking effect of adsorbed species N, Q, NH, NH
By considering the influence of non-uniformities or defects, resulting in blocking or enhancing adsorption sites on the catalyst surface, the
results show anisotropic front propagation with ellipsoidal shape in agreement with experimental results. The influence of the inert sites on
global coupling as they are increased continuously is also studied.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction nally studied in polycrystalline systems butrecently they have
been studied on monocrystal of Pt(1 0 0) at low pressure be-
The catalytic reduction of NO is important because the cause in this case the reactions can be considered isothermic.
contaminant effects of NO in aji]. The major reactions of = The extend of fundamental studies of NO reduction on single
NO conversion to nitrogen in the automotive catalytic con- crystal surfaces has increased greatly in the last few years.

verter are (Taylof1]; Egelhoff[2]): The knowledge produced can provide a basis for proposing
practical NO reduction catalysts.

2NO+ 2H, — N2 + 2H,0O Surface chemical reactions have a central role in the pro-
cesses of heterogeneous catalysts, which are extensively used

2NO+2CO — N2 +2CO, in chemical industry and environmental technology. In a cat-

alytic process, the molecules of reactants are adsorbed from
however this last step is too slow to provide a major path for the gas phase onto a metal surface, diffuse on it, and react to
NO reduction[2] and NO can also react to produce NH form a product that goes back to the gas phase. Under certain
circumstances these reactions can exhibit complex oscilla-
tions. Oscillations will not occur if the deviations from equi-
librium are small and in this case the system can be described
by linear relations. The oscillations occur due to feedback,
The selectivity of this reaction is governed by the temper- gjther chemical (such as autocatalysis) or due to temperature
ature and the feed composition. These reactions were origi-(as in a non-isothermal reaction). Heterogeneous catalytic
reactions satisfy the necessary requirements for the appear-
"+ Corresponding author. Tel.: +5255 5622 3804; fax: +5255 56223719, ance of auto-oscillations because the continuous mass flow
E-mail addressluisvic@correo.unam.mx (L. Vicente). of reactants and heat exchange with the surroundings. The

5
NO + EHZ — NH3z + H20
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+ CO|[3]. So, it can be considered that oscillations for the

Nomenclature NO + Hp/Pt(1 O O) reaction take place on a surface that is

completely in the Ix 1 structure.

D; diffusion coefficient of chemisorbed species The interplay and synchronization between reaction kinet-
without influence of other coadsorbed specigés ics and diffusion can produce a rich variety of spatial patterns
(m?s1); in surfaces, especially due to the anisotropy of diffusion in

D;j diffusion coefficient of specie influence by surfaces. Furthermore, diffusion of adspecies can vary in sev-
coverage of specig eral orders of magnitude. The traditional approach for con-

Lo lateral interactions; sidering diffusion is adding terms which obey Fick’s second

ki reaction rates; law with constant diffusion coefficients to the equations de-

L characteristic length of catalyst; scribing the kinetics. In a reaction-diffusion system, the con-

pno  NO partial pressure (bar); centrationsC; of the chemical species are described by the

pH,  Hopartial pressure (bar); following partial differential equation (PDE)

Rq; = D,/D, diffusivity relationship

R; rates of elementary reaction steps; aC; 0_2

Si sticking probabilities (i = NO, b); a S Gl )+ DV G

T catalyst temperature (K);

t time (s) where D? is the diffusion coefficient for the ith substance

and f; specifies the reaction mechanism. In a recent paper

Greek letters we have taken such approach for the NO #rdaction on

€ap parameters of lateral interactions; Pt(1 0 0)[14] on a two dimensional lattice and showed that

o) fractional coverage of chemisorbed species, (i differences in the diffusivity in the andy directions change
=NO, H, N, O, NH, NH); the oscillation periods. But this approach ignores the influ-

O fraction of free adsorption sites; ence of coadsorbed species in diffusion and front propagation

a, 8,8 effective phenomenological parameters for in- is not observed.
hibated adsorption Steps and other mesoscopic surface defects have also a

considerable influence on the course of the reactions. Steps

and kinks are also called line defects, to distinguish them
from atomic vacancies, or adatoms, which are called point
flux of energy and matter through the open system maintain defects. These point defects are present in most surfaces and
it far from equilibrium and temporal and spatial organization are important participants of atom transport along the surface
become possible. (surface diffusion), although their equilibrium concentrations
The occurrence of kinetic oscillations during the catalytic are much less than 1% of a monolayer. Defects will make
reduction of NO with either CO or #[3-9], have been ob-  synchronization more difficult which causes a breakdown of
served and found to occur for gas reactant pressures in theglobal coupling, leading from spatially uniform oscillations
range 10° to 102 mbar in the range of temperatures from to the formation of wave patterns.
430 to 500 K. These reactions show complex dynamical be-  Interest in the effect that site blocking has on catalytic
havior as pattern formation and chaotic behavior. The review reactions stems from its occurrence in real systems. For ex-
by Imbihl [10], Imbihl and Ertl[11] and Slinko and Jaeger ample in catalytic converters inert species, such as sulphur,
[12] on alarge number of catalytic reactions are very instruc- deposit on the catalyst surface during the exhaust of the com-
tive. bustion gases. These inert species cause the active sites to
To describe the occurrence of kinetic oscillations, Cobden be non-reactive and also block potential adsorption sites on
etal.[6] have proposed a “vacancy” mechanism to explain the the catalyst surface. This lead to inefficiencies in the system.
kinetic oscillations. In this “vacancy model” the oscillations Crystal defects produced on the catalyst surface also result
are due to autocatalytic surface reaction, which increase thein non-binding or blocked sites.
number of vacant sites for NO dissociation. Later, Makeev In this paper we make an study of the NO +/Rt(1 0
and Niewenhuy§l1 3] have developed a mathematical model 0) reaction, incorporating a realistic description of diffusion
to prove that autocatalysis of NO decomposition by vacant by considering site blocking effects for NO and hydrogen
sites is one of the main properties that keeps the system osdiffusion by the coadsorbed species. We also consider the
cillating. A very important ingredient of this model is the influence of defects, considered here as blocking inert sites
coverage dependency of the activation energies for NO andfor the NO adsorption. Our investigation began by studying
CO desorption. So, in this model the system presents oscil-the effect that a single inert defect has on the local environ-
latory behavior without involvement of the surface structural ment and we made the center point of the lattice a defective
transformationfex — 1 x 1, which takes place on Pt sur-  site. Then we study the scenario which develops in a medium
faces due to the presence of adsorbates and has been showed the influence of defects is continuously increased. For the
to be important for other chemical oscillations such asin NO elementary reaction steps we use the model proposed by Ma-
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keev and Nieuwenhuy43], which reproduces very well the  the influence of the local environment on the activation ener-
experimental observations of regular and chaotic oscillations gies of the elementary reaction steps and can be considered as
ofthe NO+H, /Pt system and our treatment of chemical diffu- the difference of the lateral interactions in the activated and

sion follows the formulation by Makeev and Imbji4,15] ground states. The following coupled ordinary differential
equations (ODE’s) describe the kinetics of the reaction:
dono(t

2. Model '\(lj(t)( ) _ R1— R2— Rs+ Re = fno 1)

2.1. kinetic equations o (1) _ 2Rs — 2R4 — 2Rg — Ro+ Rio— 2R11= fu  (2)

dr
The following set of elementary step have been formulated don (z)

for the NO+H reaction on Pt(1 0 Q)13]: o =R 2R7 — Re — Ro + R10 3)

NO(g) + * % NOads (R1 and R2) dG;(t) — Re— Re — Rs @

Halg) + 2 = 2Hacs R3andRa) N _ g, gy gy, (5)

NOags+ % Nads+ Oads (R5 and R6) deNd*f(t) — Ri1— Ri2 ©6)
ks R; are the rate of the elementary steps (R1-R12) given

2Nads= N2(g) + 2 (R7)  above:

Oacs+ Haas™ OHaas-+ (R8) R1 = k1pnoSnobe, R2 = kabnol2

Nads+ Hads::; NHags+ * (R9ANRI0) Ry kypry shi (66)2 Ra = ka(0)La

NHags+ Hagse™ NH2 ads+ * (R11) Rs = ksOnobels. Re = keONbo

NH3 ads - NH3(g) + (R12)  R7=kiOw)’l7

NH2, ads+ Hadsk—l‘aNHs,ads-i- * (R13) Re = kefot

OHags+ Hadsk—l\4 HpOuds+ * (R14) Rg = kgONOH, R10 = k10ONHOe

H2Omdse HoO(g) + (R15)  Rai1= k116NHOH

where * denotes a free adsorption site of the Pt(1 0 0)-
(1 x 1) surface; NO(g), blg) are the reactants in the gas-
phase with partial pressurgsyo and p,, respectively. where
In the last Eqs(R1 and R2)account for NO adsorption
and desorption(R3 and R4)for H adsorption and desorp- g — 1 — gyo — 04 — 6N — o — ONH — ONH3
tion, (R5 and R6)for NO dissociation(R7) for N desorp-
tion, (R8) for OH formation, (R9 and R10)for NH for- 4 —\, expl-E,/(RT)], @ = 1, ...12
mation, (R11) for NH» formation, (R12) for NH3 desorp-
tion, (R13) for NH3 formation, (R14) for H,O formation 6 M
and R15 for HO desorption. The reaction products are ], = {9* +Z€,,exp[eap/(RT)]}
N2(g), NH3(g) and BO(g). The surface coverage are denoted
by (NO)ads (H)ads (N)ads (O)ads (NH)adsand (NH)ads

The desorption of (bHO)agsand the hydrogenation of in- 6, is the fraction of empty sites available for adsorptiaig,
termediates (OH)sand (NH)agsare assumed to be fast pro-  the number of nearest-neighbor sites; @hds the sticking
cesses. In consequence, only six species are considered (inoefficient.
the following equations the surface coverage are denoted by The factor/, takes into account the influence of lateral
6p, p=NO, H, N, O, NH, NR). The non-ideality of the ad-  interactions in the framework of the lattice-gas model for a
sorbed layer is taken into account through lateral interactions well mixed ad layer. When there is no such lateral interactions
eap, Specified below. This quantity reflects microscopically ., = 0 and/, = 1. The kinetic parameters givenTable 1

R12 = k120NH,

p=1
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Table 1 Table 2
The energy and bare frequency parameters that enter the expression for th®ifussion constants used in the simulation
various rate constanks= vexp(—E/RT) Specie D? (2 /s) E; (kcalimol) o 8 5
Reaction stepa) va(s™) Ea (keal/mol) NO()  100x 103 3500 10 10 001

1 214 x 10° mbar? 0 NO(y) 3.85x 1073 3500 1.0 1.0 0.01

2 17 x 10" mbar? 37 H(x) 0.25x 1076 3500 15 1.1 0.01

3 8.28 x 10° mbar* 0 H(y) 1.00°° 3500 1.5 15 0.01

4 1042 25

5 2% 101° 28

6 2> 10%° 23 tunately, there are not reported values for thecoeficients.

7 1088 24 .

8 103 13 Makeev and Imbih]15,16]have proposed a procedure where

9 1P 15 these quantities are calculated. For each diffusing species they
10 103 29 take into account that the other coadsorbed species may ef-
1 10 17.7 fectively block vacant sites for diffusion. In two dimensions,
12 10 19 the reaction-diffusion model is represented by a system of
Snok1 = 1.93 x 10°(mbar's™1), Sy, k3 = 1.656 x 10° (mbar*s™?). two PDE’s which substitute Eq§Za) and7b)for NO and H:
are the same used in our previous Wirk]. The parameters 9 er: Bzﬂ P 920
for lateral interactions were taken from this lastreferenceand 5r | A 9x2 +0a ox2
are| eq; |< 2. ) 926, 820;*‘\

o +Rd[9A2+9A 2}}+fi 9)

2.2. Spatially distributed model dy dy

A = NO, H and for the other species, E{.c) holds. The
two-dimensional reaction-difussion equations contains thus
second order spatial derivatives both for the adsorbate
coverages as well as for the concentration of vacant&ites
vailable for the adsortion of species A which are given by:

For describing spatial pattern formation we must incorpo-
rate surface diffusion into the above equations. As mentioned
earlier we will follow the formulation given by Makeev and
Imbihl [15,16] where coverage-dependent diffusion coeffi-
cients are considered. We will consider only two diffusing
species, NO and H, because they are more mobile than thqu = max{(L — Ono — aabH — aabn — Babo
other speciefl5,16]

The following set of differential equations will describe —ONH — ONHg), 0} (10)

the global behaviour of our system: . .
the parameterse, 8,8 are effective phenomenological

o g% parameters estimated by fitting simulations to experiments

a Vo + fno(6. 67, 1) (7a) and are given inTable 2 The diffusion coefficients are
30n calculated by the Arrhenius form :
=, = VIt 607 D) (7b) -

Da = D3e EA/RT (11)

Here fno and fy are the right-hand side of Eg4.) and (2)
respectively. For the other species we have Dg andEp are also given iffable 2 We take the anisotropy
" in the x andy directions,D,, Dy, in the ratio (1:3.85) for
dTJ = fi(6;, 67, 1) (7¢c) NO and that for H the ratio (1:4), based on information

from Refs [14—-16] respectively. Numerically, we have used
where j = N, O, NH, NH; and thef; are the corresponding  Gear's method18] for solving stiff ODE's, which provides
right-hand sides of Eq$3)—(6). efficiency and accuracy of integration.
The reaction kinetics is contained jf and the diffusive
fluxes,Jk, for species K=NO, H, must be prescribed interms
of the species coverage and their gradients in order to close3. Results
the above equations. Note thafjf= — D;V6; the equations
reduce to the Fickean case. In general, the diffusive fluxes,3.1. One defect
Jk of the diffusing species NO and H are related to their

infinitesimal coverage gradients py/7] : In general, we will consider the defect as represented as an
INo Dnono Dot Vono inert node at the central part of the lattice, where the sticking
=— ' ' 8 fficien forNOi ro (inert site). As was mention
(JN ) (DH,NO D )(V@H ) (8) coefficientSyo for NO is cero (inert site). As was mentioned

before interest in the effect that site blocking has on catalytic
where the entries of this matrix or tensor are the chemical reactions stems from its occurrence in real systems. Inert
diffusion coefficients which are coverage dependent. Unfor- species can deposit on the catalyst cand cause the catalyst
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sites to be non-reactive and also block potential adsorptionmum in6no av- Then it contracts aéno av decreasesHg.
sites. 1d, t = 575s) and forr = 62 s Fig. 1e) shows a minimum
The catalytic surface is represented by a square lattice ofsize and the cycle begins again. In order to compare with
size 11x 11 nodes with periodic boundary conditions, rep- these results we have performed calculations Wjih= 0,
resenting a @25 cmx 0.025cm crystal. The surface non- that is, the central site is also inert to hydrogen adsorption.
uniformity is modeled by assuming different sticking coeffi- The results in this case (not shown) is that the oscillations
cient of NO on the surface of the catalyst caused by the largedie very soon (rougly around~ 505s), and the stationary
sensitivity of the adsorption rate on surface dislocations. We state is attained. In conclusion, if there is one inert site, both
will consider the defect as represented as an inert node atfor NO and H adsorption, there are not sustained oscilla-
the central part of the lattice, where the sticking coefficient tions. We must remark here that this kind of results (damping
Sno for NO is cero (inert site). We make the assumption effect observed in the oscillations in absence of purity) has
that the blocking site only affects the NO adsorption, but we been demonstraded experimentally in the NO +/€1 0 0)
have also performed calculations 8o # 0 to show the reaction[3].
similar result that results when the defect enhances the ad- If we have an enhanced adsorption, different sticking co-
sorption. In this way the defect plays a role of a selective efficient of NO on the surface of the catalyst caused by the
adatom only on NO adsorption. The effect of adsorption large sensitivity of the adsorption rate on surface disloca-
on this defect will be commented later. At the other sites of tions, a similar disturbation propagates along the crystal but
the lattice the adsorption and kinetic constant for all species now a protuberance is created at the center of the crystal,
are given byTable 1 We must state here that there is a depen- where the defect is located. This is showrrig. 2for differ-
dence of activation energy on coverages. Such dependence isnt times. Atr = 50 s Fig. 2a) there is a small disturbance
related with surface heterogenejty. In general, coverage-  which corresponds t@\o ay = 0.093. AsOno,avincreases to
dependent activation energies arise if energetic interactionsavalue 0.271 the disturbance grows and the wave propagation
between adparticles exist. In our calculations we have consid-is extended Kig. 2b). Finally at the maximun of the cycle,
ered this only througlf,, and have not attempted to consider 6no,ay= 0.391 and the propagation reaches its larger exten-
more elaborated mechanisms, for example that at low tem-sion. Then the cycle begins again. We see that this case is
peratures the catalytic sites are blocked by some species angery similar to that of the inert defect, exept that in this last
with increasing temperature, and either due to adsorption orcase there is a vacancy at the center of the lattice due to the
reaction, the blocking species are removed. To solve Eqgs.null adsorption of NO.
(7)—-(11)we use the method of lines in which one discretizes ~ We consider now the effect of variation &f, in the case
the diffusion term and solve the ODE across a whole line in of one inert defectFig. 3a—d (left column) shows time se-
space at each time step. In total 246 stiff ODE’s are solved ries for decreasing values &, different oscillatory pe-
by the Gear methof8]. riods are observed. Period-1 (P1) oscillations are shown
Itwas shown in previous investigatiofis3,14]that chang- for p = 2.58(d); period-2 (P2)oscillations for = 2.518(c);
ing the governing paramet&r, = py,/pno at constant the period-4 (P4) oscillations fop = 2.516 (b). Chaos is devel-
transition to aperiodicity occurs via the Feigenbaum scenario, oped forp = 2.512 (a). The right columns of Fig. 2 show
that is, period-doublings. To observe the period doubling, in 6yo for each of the maximal amplitude of the corresponding
our present simulations with coupled diffusion we change period (noted with dots in the leRig. 1), that is, they show
again the governing paramet@r,. In the next figures we  the behaviour of the NO coverage in their maximum value.
show the oscillatory behaviour in the NO coverage averagedlt is also shown the projection on the— y plane. The main
over the whole crystabno av, and also the behaviour 6fo result here is that in effect, there is a period doublingRgs
across the crystal. All the calculations were performed at is decreased and the chemical perturbation creates crests and
T = 457K, which is among the range of the experimental valleys (“mountains”), or an ellipse on the plane The big-
studies by Rausemberger et[d9,20]. gerthe value ofno avthe bigger the size of the corresponding
First, it is observed now that there is a chemical prop- ellipses, as irFig. 3d. Another important feature is that the
agation around the defect with a mountain landscape for presence of this defect destabilizes the system and the period
the NO coverage with respect to its mean value. This eight (P8) is not observed as was the case in the homoge-
has the shape of an ellipse when projected on ke neous treatmerfil4]. It is important to notice that in most
plane, which change with time, stretching and contracting experimental studies of period-doubling behaviour, the P8 is
which means that the mountains grow and decrease in sizenot observed. This has been currently attributed to noise. We

with time. suggest here that this can also be attributed to imperfections
This is shown inFig. 1, where a sequence of snap- inthe crystal.
shots are shown for timels= 54-57 s (see inset) around In conclusion, the presence of one defect inhibiting or en-

the maximum infno,av. The conditions correspond to the hacing the adsorption of NO creates a point of propagation of
case where the system shows period four (P4) oscillations. Ata disturbance with an ellipsoidal shape when projected onto
t = 54 s the ellipse is developed, propagates and=rb6 s thexy plane. This propagation attains its maximum propaga-
shows its largest development, corresponding to the maxi-tion at the maximum of NO coverage.
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0.5

54-57 s

50 60 70 80 90 100

Fig. 1. Development of the chemical disturbance due to the presence of one inert defect§ygher®. (a)r = 54 s, (b)r = 555, (c)t =56, (d)f = 57s,
(e)t =62s.T = 457K, pno = 1.1 x 10~ mbar andpy, = 7.6 x 1078 mbar.

3.2. Multiple defects maxima of the oscillations and represents thus the largest
expansion of these ellipses as was established before. First
In the experimental reports by Rausemberger et al., note that on increasing the number the defects the concen-
(1996,1998) the formation of multiple ellipses are observed. tration of NO is smaller and the ellipses will have lesser
This can be attributed to the presence of multiple defects. extensions. So increasing the number of defects causes the
Because the relatively small size of the lattice considered number of periods to decrease. With three defects the sys-
here, we have studied only the influence of few inert de- tem is P2 Fig. 4b), with four is P1 Fig. 4c) and with five
fects. We have taken as the initial condition a period four defects a stationary state is attain&y( 4d). Surprisingly,
(P4). Fig. 4a—d shows time series (left) and the formation the addition of two defects destabilizes the system and ape-
of ellipses on thexy plane, the snapshots are taken at the riodic oscillations are obtained-ig. 4a). This can be ex-
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0.54
NO,av 1

0.44

0.34

0.0

time (s)

Fig. 2. Development of the chemical disturbance due to the presence of one defesiavith0 (a)r = 54 s, (b) = 555, (c) = 56's, (d) = 57 s, (e = 62s.
Same conditions as iRig. 1

plained by considering that with only two defects the con-  We must note thatin our calculations the size of the crystal
centration of NO is higher and there is a possibility to the is rather small, @25 cmx 0.025 cm, because our computer
perturbations to collide as is shown kig. 4a. With more limitations. In this way we have considered only five defects,
defects the ellipses do not reach each other, as is showrbut it represents 5% of the avaiable sites. This is a rather
in Fig. 4b—d. In this way, the interaction of perturbations small fraction. Unfortunatly, there is no experimental data
destabilizes the system and it becomes chaotic. To prove thiso which compare. But comparaisons with other calculation
we have increased the lattice size in order to consider thecan be made. For example, for an homogeneous treatment
two defects more distant apart. We have verified that in this of the NO + H reaction[14], the oscillations died when a
case the defects do not interact, the perturbations die befordraction of around 8% of the sites are inert. In relation with
they reach each other and P4 is maintained (the picture isdifferent authors, the more studied reaction has been the ox-
not shown). In conclusion, the interference of defects can idation of CO on Pt surfaces. For example, in 1992, Hovi
destabilize the periodic behaviour and the system becomeset al.[21] conducted a Monte Carlo-type study of the Ziff—
aperiodic. Goulari-Barshad (ZGB) model and found that the first-order
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Fig. 3. Period-doubling route to chaosfifo,av as a function of time for different values of the pressure ratjo= P4,/ pno. Left : (d) period-1,R, = 2.58.
(c) period-2R,, = 2.518. (b) period-4R,, = 2.516. (a) Chaosk, = 2.512. The right colums are NO coverage taken at the maximum of the amplitudes, shown

as dots in the corresponding left figures. The planes reprégent.
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0.4

0.3

o2 ﬂ ”

0.1

NO,av

0.0 , . ; ;
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0.3
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0.1
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Fig. 4. Effect of increasing the number of inert defects in a square lattice. (a) Two-defects (placed next to each other) and chaos (left), @}tthesel def
period-2(left), (c) four defects and period-1(left), (d) five defects and stationary state(left). Explanation in the text.
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Fig. 5. Propagation of concentration fronts. The snapshots correspond to= @3, (b)r = 0.6 s, (c)r = 1.4s, (d)r = 1.6, (e)f = 1.8s, (f)r = 2.0s.
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CO poisoning transition appears to become continuous when  Our calculations have shown that even a small fraction of
more than 8% of the surface is covered by defective sitesinert defects, around 5%, is enough to change the kinetics of
placed in a random arrangement. This poisoning of the crys-the reaction, changing it from oscillatory to stationary. There
tal surface CO can stop the reaction. So, there is theoreticalis theoretical evidence, mainly by Monte Carlo simulations,
evidence that even a small fraction of impurities can change that even a small fraction of impurities can make to change

dramatically the catalytic reaction. the catalytic reaction in related reactions as CO oxidation on
Pt(1 0 0)[22]. Finally, let us comment that the propagation
3.3. Collision between propagating fronts of concentration fronts in heterogeneous reaction process can

also be modelled by Monte Carlo simulatiq@24—23] The

As was mentioned above the interaction between two Monte Carlo simulation technique is a powerful tool for the
propagating fronts desynchronize the oscillations and the sys-study of reacting interfaces and is complementary of studies
tem becomes chaotic. We have considered this in more detailby ODE’s.
by solving numericaly the equations and following the evo-
lution at closed time intervals. The collision of two propagat-
ing fronts is shown irig. 5a—e, where it is observed how the
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