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Numerica | modelin g of self-propagatin g polymerizatio n fronts : The role

of kinetic s on front stability

Stanislav E. Solovyov, Victor M. llyashenko, and John A. Pojman
Departmen of Chemisty and Biochemistry University of Southen Mississippj Hattiesburg,
Mississipp 39406-5043

(Receiva 18 Novembe 1996 acceptd for publication 14 Februay 1997

Frontd propagatio of a highly exotherme polymerizatiaon reaction in aliquid is studied with the
god of developirg a mathematicemoded of the processAs amodé cas we conside monomers
sud as methacrylc acid and n-butyl acrylate with peroxice initiators, althoudh the modé is not
limited to thes reactand and can be applied to arny systen with the similar bast polymerization
mechanism A three-stp reaction mechanismincluding initiation, propagatio and termination
steps as well as amore simple one-st@ mechanismwere consideredFor the one-st@ mechanism
the loss of stability of propagatig front was observe as asequene of period doubling bifurcations
of the front velocity. It was shown tha the one-stp modd canna accoun for less than 100%
conversio ard produd¢ inhomogeneitie as aresut of front instability, therefoe the three-step
mechanimn was exploited The phenomeno of superadiabati combustiom temperatue was
observe beyord the Hopf bifurcation point for both kinetic schems and supporté by the
experimenthmeasurementOne and two-dimensionenumericé simulatiors were performel to
obsene various plana and nonplana periodic modes and the resuls for differert kinetic schemes
were compared |t was found that stability of the frontd mode for a one-st@ reaction mechanism
does nat differ for 1-D ard 2-D casesFor the three-stp reaction mechanim 2-D solutiors turned
out to be more stabk with respet to the appearane of nonplana periodc modes than
correspondig 1-D solutions Higher Zeldovich numbes (i.e., highe effective activatian energie or
lower initial temperaturesare necessar for the existene of plana and nonplana periodc modes
in the 2-D reactos with walls than in the 1-D case~ © 1997 American Institute of Physics.

[S1054-15097)00202-4

Autocatalytic reactions have long been known to support
a constart velocity wave front resulting from the cou-
pling of diffusion and chemicd reaction, with a common
example being the reaction front of an ordinary flame. In
general this type of self-propagating reaction front con-
sists of (1) the ignition step, where some form of energy
(e.g, heat, light) is applied to initiat e the reaction, fol-
lowed by (2) the diffusion of hea and reactive radicals
into unreacted regions, inducing the reaction there. For a
reaction front to exist, the chemicd reaction must be exo-
thermic, with a fairly high activation energy. In this
work, frontal propagation of a highly exothermic poly-
merization reaction in a liquid was studied experimen-
tally with the god of developing a realistic model. The
models examinad included either one or three chemical
reaction steps and it was found that the stability of the
wave front for the one-stgp modd was the same for both
one- and two-dimensiond geometries However, for the
more realistic three-stg reaction model, the two-dimen-
siond cas was more stable than the one-dimensional
case.

I. INTRODUCTION

Propagatig fronts of autocatalyt reactiors havwe been
observe in gaseougliquid, ard solid phasesAn exampek of
a successfuapplication of propagatig fronts in solids is the
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self-propagatig high-temperatwer synthess (SHS of ad-
vancel materialst? Frontd propagatio of addition polymer-
ization is an exampe of a chemicéd reaction in condensed
phase’~° Dependily upon the experimenthconditiors (e.g.,
adiabatt propagationthe presene of hed lossesor applied
pressurgthe reactian proceed in liquid pha® only, or may
involve the solidification of the resultirg polymer In both
casa propagatig fronts resembt gaseos flames and SHS
becaus they both involve the therma propagatio mecha-
nism Free radicd polymerization reactiors are usually
highly exothermi¢ and the hed of the reactio provides au-
tocatalyss for a polymerization front propagatig throuch a
liquid monomer Modd systens mog commony usal in
frontd polymerization processg include sud monomes as
methacrylc acid (MA), n-butyl acrylae (BA), methyt meth-
acrylates (MMA),~ triethylene: glycol-= dimethacrylate
(TGDMA), etc, ard initiators such as benzoy peroxide
(BPO), tert-buty peroxice (tBPO), lauroyl peroxice (LPO)
and 2,2'-azo-bis-isobutyronitré (AIBN). Commerciaappli-
catiors of the® processe (such as synthess of phase-
separaté material§) may come from the high-energ effi-
cieng/ ard low environmenthimpad of the techniqué.
Polyme fronts hawe been studied at the Institute of
Chemicé Physic (Chernogolovky Russa singe the early
197Gs in tubula chemicé reactos unde high pressuré:*
More recenty frontd regimes in an unmovirg medium for
various monometrinitiator systens were studied unde am-

© 1997 American Institute of Physics 331

Copyright ©2001. All Rights Reserved.



332~

biert conditions>®° High-viscosiy modifiers were also used
in our lab experimers to suppres convecti\e instabilities,
and high pressure were usal to prevern bubbles that affect
the front velocity and may lead to front decay'® In recent
yeas afew modificatiors of the technigwe sud as cylindri-
cd and sphericéfronts in plug-flow reactos were proposed
to avoi difficulties of maintainirg stabk front propagation
arisig from formation of jet flows and inherit thermal
instabilities’*™** Unde certah conditiors therma instabili-
ties in plug-flow reactos combinal with hydrodynamic
effecs are known to resut in a transitim of frontal
propagatior mode~ to- low-temperature homogeneous
polymerizationt!2

The theowy of similarity of temperatue ard concentra-
tion fields allowed Zeldovich ard Frank-Kamenetskto de-
velop an approximag theol of slow combustim for such
system&6 in 1938 The normad velocity of front propaga-
tion in an unmovirg condensd mediun was calculate by
Novozhilov'” usirg the infinitely narrov reaction zore ap-
proximation and an explicit formula for it was propose for
first- and second-ordereactions By using this formula the
effective activation energy of a polymerization reaction can
be calculatel by measurig the velocity of front propagation
a different initial temperature ard assumig the thermal
diffusivity is temperatue independent.

Recently our experiment demonstraté much more
complex behavio of the system than tha anticipate in early
works®918 This includes convectiwe effecss inhertt to liquid
polymerizirg systens and the effect of the materials physi-
cd properties sudh as monome boiling point, viscosiy of
monome ard polyme phase on the front existence and
hydrostatt stability. All these factors could not be accounted
for in simple earlie models Thus a mathematick model
adequatel describig such a systen mug include realistic
polymerizatio kinetics therma diffusion, and appropriate
hydrodynamis if convectiwe liquid motion is involved In
this pape we take aste in that direction ard devel® the
mathematicamodd with three-stp polymerizatio kinetics
and hed diffusion, not only reproducirg experimenthresults
but alo predictirg the qualitative systen behavio and some
properties of the final produd in the absene of convection.

Il. EXPERIMENTAL

The experimenth setyp for studyirg polymerization
fronts consiss of a verticd glass tube filled with a solution of
methacrylc acid (MA) and a thermd initiator suc as ben-
zoyl peroxice (BPO) at room temperatue (othe polymeriz-
ing systens were also used. The front is triggered by apply-
ing a hed soure to the top of the tube for a shot periad of
time. The autocatalytt polymerization reaction propagates
throuch the solution of the monome and initiator as awave
front leaving the solid polyme behind To contrd the initial
temperatue and homogeneosireaction in the cold zone the
tube was placel into awate bath at a fixed temperatue and
slowly withdrawn to maintan the constan clearane be-
tween the wate surfa@ ard the reaction front as the poly-
merization front proceeded? The front velocity ard tem-
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perature: profiles: were- measured during- the- front
propagationard the polyme obtainel was analyzed*® At
somre experimenthconditiors front instabilities such as ve-
locity pulsatiors and spin modes were observed.

lll. KINETIC MODEL

For the modd purposs an adiabatt unstirrad reacta is
consideredThe rate of the radicd generatio is considered
to be negligible at the initial temperatureDiffusion of the
radicak is neglecte becaus therma diffusion in sud poly-
merization systens is faste than mas diffusion by at least
100 times.

The simplified kinetic modé of the addition polymeriza-
tion with therma initiation has the following form:

| +A—2R,~ kg=Aqg Xp(—E4¢/RyT),~ 1)
R+M—Pi+A= Ky=A, exp(—E, ,/RyT),~ 2
PotM—Poi+A,- k- )
PhtR—Pgeagt Am K=Arexp(—Eo(/RgT)m (4)
Pr+ Pr— Paeaqt Am k. (5

Here | is the initiator, R denots the primary radicals M is
the monomey P,, is the growing polyme chain Pyeaqis the
dea polymer, Ky, Ky, k; are correspondig temperatue de-
penden rate constans for the reactiors shown E, 4, E,p,
E, are the activation energis for thes reactiors and Ay,
A,, A are correspondig preexponentsA is the reaction
hed release Ry is the universa gas constantand T is the
temperature,

IV. MATHEMATICAL MODEL

We conside the hed releag during the first propagation
step (2) ard termination steps (4) and (5) to be negligible
compare to the propagatio step (3). That is certainy true
for our systems Then the nonstationay two-dimensional
equatiors describiry the kinetics of the proces ard the heat
balane for the systen (1)—(5) hawe the following form:

d[l

- ©

d[R] 2

gt = 2Kaf[1 1= k[RIIM]—k{RI[P-]—k{R]?~ (7)

d[M]

—r =~ K RIM] =k [M[P-],~ ®)

d[P-] 2

gt~ KIRIIM]=k([R][P-]=k{P-]%~ ©

d[P] 2

— =KIRI[P-1+k{P- %~ (10

JT  [*T °T\ AH

E:K W-I—a—yz)_p_cpkp(['vl][R]_F[M][P])
11

CHAOS, Vol. 7, No. 2, 1997

Copyright ©2001. All Rights Reserved.



Solovyov, llyashenko, and Pojman: Numerical modeling 333

Here the reaction enthally AH=—138 kcd mol™!, the

monome densityp=1038 g L%, the monome hea capac-
ity= c,=04cd g 'K~ then thermah diffusivity «

=0.004 cn? s %, the initiator efficienoy f=0.5 and all

concentratiosare in ma L% [1] is the initiator concentra-
tion, [ R] is the concentratia of primaly radicals[M] isthe

monome concentration[ P- ] is the concentratia of poly-

mer radicals ard [ P] is the deal polyme concentration.

V. INITIAL AND BOUNDARY CONDITIONS

For 0=<x=L, —r<y=<r wherx isthe coordinaé along
the tube axis in the direction of front propagatio and y isthe
radid coordinaé in the cross sectio of a cylinder, the initial
conditiors are

[R]p=0,
[M]p=6mad L1,
[P-10=0,
[Plo=0,

for x=0: T;=Ty+AT, [I]o0=0 (the ignition zonge AT
=150-200K);=~ for- 0<x<L:~ Ty=250-320K,~ [I],
=0.02-0.1 mo L™L. The initial temperatue T, and the
initiator concentratia [1], were varied dependig on the
conditiors and the initiator used.

Adiabatic bounday conditiors at both tube ends and
walls are assumed:

dT/dx=0-~ for x=0, x=L,~

12

13
dT/dy=0- for y=—r, y=r.= (14

The tube radiss r=1-2cm, and the tube lengh L
=15-30cm.

VI. COMBINED CONCENTRATION OF FREE
RADICALS

In deriving the systen (6)—(11) we assumd tha the rate
constans k,, for reactiors of primawy radicab (from the ini-
tiator) ard growing polyme chairs with the monome are
the same It is an acceptald assumptia for long polymer
radicak where the propagatio rate constan does nat change
significantly with the lengh of the polyme if the gd effect
can be neglectedHowever it is obviously naot true when the
primaty and polyme radicak are compare becaus of their
differert chemicé nature While there are no widely avail-
able dat on the reactin rate constang of primaty radicals
with the monome for our systems we can eliminage this
problem considerig the combinal concentratia of the free
radicals:

[R]=[R]+[P-].- (15)

It is possibé to do so becaus the reactin frequeng of the
primary radicak with the monome is mud lower than that
of the polyme radicals For example the averag degre of
polymerizatim of MA with BPO in the frontd regime at
ambien conditions® was estimatel to be 25. It mears that
even for the low molecula weights obtained 24 addition

reactiors take place pe ore reaction of the BPO primary
radicd with the monomer Then the effed of this reaction
on the overal propagatio step kinetics does not exceel 4%
even if its rate differs significantly (0.5, <Kyimary<> and
even broade rang for highea molecula weighty ard can
therefoe be neglectedRecet experimenthstudies of propa-
gation~ step~ kinetics» of- methyk methacrylate and
methacrylonitrilé° demonstrate that the rate constan of the
first propagatio step Kyimary=Kp1 is 46 times greate than
kp=K,. a 60 °C. Considerig this, we useal the combined
concentratio of free radicak in our simulatiors for the
three-stp reaction mechanismThen the nonstationay two-
dimensionh equatios correspondig to Eqs (6)—(11) take
the following form:

drl

%?kd[l]n (16
d[R -

%=2kdf[|]—kt[R]2ﬂ 17
dM] -

gt = KelRIIM],= (18
dP —~

%zkt[R]z,—- (19
aT #*T  ¢*T\ AH ~

EZK W‘Fa—yz)—p—cpkp['\ﬂ][R]—! (20)

In the following sectiors the tilde sign is droppel out, and
[R] denota the combinal concentratia of the free radicals.

VII. SINGLE-STEP REACTION MECHANISM

A well-known single-st@ reactiom mechanimn with
equatiors for monome conversim ard hea diffusior? was
also considerd for the comparisa purpose In this case the
2-D equatiors for the first-orde reaction are

da
aZkl(l—a), (21

where « is dimensionless conversion with zero value corre-

spondimy to pure monome ard 1 to pure polymer, The reac-
tion rate k; has the usuad Arrhenius temperatue dependence

k= Ay exg =22 22
1= Aq EX ﬁ (22

ard the hed balane equatim takes the form
aT [T . T\ AH ‘(1 -
Fal vy oc, 1(1-a). (23

Here we assune that the only reactio taking place converts
monome into polymer The preexponentiafactar ard acti-
vation enery in this cas are “effective’’ kinetic parameters
of the processrepresentig all the reactiors taking place in
red systems.
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For purpo® of testirg the modd the values of E, were
varied in the range 14—30 kcd mol™! ard A; in the range
10°-10'2 571, respectively.

VIIl. NUMERICAL METHODS

Finite differene numerich method were useal in our
simulations The systen (16)—(20) with initial conditions
(12) ard bounday conditiors (13) and (14) was integrated
on an adaptive spae grid with a constan time step In a
typicd wawe front, variables sudh as the concentration of
the initiator, free radicals and monomey as well as the tem-
peratue chang very slowly away from the reaction zone
ard extremey rapidly in the reactiln zone Tha is why an
adaptive grid with the variablke spae step was usal to main-
tain roughly the sane numbe of grid points (20-30) in the
narrov moving reaction zore (2-5 mm wide) to accurately
resolhe large gradients.

Ordinawy differentid equatios describirg kinetics of the
proces were solved using explicit Runge—Kutta method of
secoml or fourth order Values of all variables wheneve pos-
sible were taken from the uppe time layer, i.e., the discrete
solution on the currert time st n+1 was usal insteal of
values from previows time stegp n. Obviously, tha could not
be dore for the temperatug in the exponentihtemperature
dependene of the reactio rates its value was taken from
the step n, i.e., the semi-implict integrato was employel for
the temperaturelteratiors were performel for all variables
using the updatel temperatue solution on ead time step
until the convergene of the solution was achieved The con-
vergene criterion was choseé to be the maximun scaled
divergene for all variables on two consecutie iteratiors not
to exced 10 1°.

Semi-implict finite differene scheme¥ were usel for
linearization of Eqs (20) ard (23) on the discree spae grid.
The systen of linear equatios with atridiagond matrix re-
sulting from the finite differene approximatio of the para-
bolic therma conductiviy Eqs (20) and (23) was inverted
using a modificatin of the Gaus method The values of the
temperatue in the hea soure term from the currert time
layer n+1 could not be used however without significant
complicatiors in the solution algorithm Thus the values
from the time stgp n were used and updat@ temperature
values were substitute into all equatiors of the systen for
performirg the iteration procedue describe above.

The accurag and convergene of the solution hawe been
verified by consecutie divisions of the time step and com-
parirg the results The iteratiors continuel until the conver-
gene criterion was satisfie for all variables Decreasig of
the time step was usal to eliminatke large time scak depen-
dene of the solution At sone critical value of the time step
(usualy in the range 10 %-10"2 s) the solutiors ceag to
depenl on it and are believal to representhe red system
behavior.

The origind adaptie grid algorithm'® was developé for
the 1-D case Basal on it we developé the 2-D grid algo-
rithm for use in our systemsilt realizes dividing spae steps
accordimg to custan definel criterig i.e., insers new points
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FIG. 1. Constah velocity front propagation one-stp reaction E,
=18kcd mol™?, k;=8x10" s7, T,=300K, AT=200K,

in the regiors of high gradiens of given variables along with
interpolation of variable$ values and deletes points in the
regiors with smal changesThe numeric schene realized
on the nonunifom spae grid has the secomn orde of ap-
proximation.

IX. RESULTS AND DISCUSSION
A. One-ste p reactio n mechanism

The effective activatian enery E, of the polymerization
reaction and the effective preexponenA; were usal for the
1-D anrd 2-D simulations The route to chacs as asequene of
period doubling bifurcatiors was observe as E, increased
from-~ 16-18kcd mol™! (constant front- velocity) to
28-30 kcd mol™* (chaott oscillatiors of the front velocity)
in the 1-D ca% as had been previousy shown by Matkowsky
et al.?>% for solid-staé combustim reactions Figures 1-4
shaw the 1-D front velocity versis time for the sane initial
ard adiabatt combustim temperature as the Zeldovich
numbe increasesThe Zeldovich numbet® is definel as

Tm—To E
7= m 0 Laeff

. 24
Tm RgTm (24
2 —
= 1.5F
é r
o :
R L VAV AVATAVAVATAVAATAVATATAAYA
& i
[=} L
© L
> 0.5
ol v vy
10 12 14 16 18 20
Time, min

FIG. 2. Periodt oscillations E,=20kcd mol %, k;=8x 1% s7%, Z=8.
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FIG. 3. Periad two oscillations E,=24kcd mol™?, k;=8x10°s?, Z
=9.6.

Herg E, o is the effective activatian enery of the reaction,
ard T, is the maximum adiabatt temperatug in the ca® of
constan velocity front propagation In ca® of oscillations
the temperatue in the front routinely exceed the adiabatic
temperatue of combustionbalance by the temperatue dip
behird the front. This is a specift featue of all periodic
modes obtainel numericaly and supportd by the experi-
mentd measuremestin our lab (Fig. 5).

Strang as it might seem the phenomenn of superadia-
batic combustimm temperatue has neve been explainal in
the literature althoudh it can sere as an experimenthindi-
cata of arny therma instability beyord the Hopf bifurcation
as it neve appeas in stabk combustion The differene in
characteristi times of the chemicé reaction and therma dif-
fusion at initial and combustia temperature (as a resut of
exponentitemperatue dependengeof the reaction rates at
sone poirt leads to preheatig of the initial reactive mixture
ahea of the temperatue wave without significart reactio in
this zone The following therma “explosion” on the wave
front resuls in apparehexceedig of the adiabatt combus-
tion temperatue becaus it occuss at effectively highe initial
temperature The energy conservatia law, however is not
violated here since this excessie hea releag is localized in
the wawe front ard balance by lower than adiabatt tem-

10

Velocity, cm/min

0 —EL‘J’blbqouLpr UL

P IO S SR A SO | IR

0 10 20 30 40 50
Time, min

FIG. 4. Chaott oscillations E,=30kcd mol %, k;=8x10%¥s1, z=12.

500r
450f /—'\/\\
400f :
v : \
< 350F \
300Ff gﬁ_
250:....1-.|.....|....i
0 0.5 1 1.5 2
X, cm

FIG. 5. Experimentatemperatue profile for methacrylc acid with 2 wt. %
benzoy peroxice systen exhibiting a single heal spin mode T,=273K,
D=22mm.

peratue behird the “explosion.” When this structue even-
tually goes throudh a relaxation stag (as the temperature
gradien is extremey high, and sone time is needed for heat
to diffuse and trigger the reactian in the cold mixture), the
temperatue on and behird the wawe front equilibrates and
the superadiabatipek disappearsThe critical difference in
characteristi times betweea the chemicé reaction ard diffu-
sion for the phenomenn to appeais determine by the ther-
md diffusivity coefficiet and the Zeldovich numbe at
which the Hopf bifurcation occurs.

The superadiabati temperatue T, does not stay the
sane during the oscillation periad being the highes as the
front velocity v reaches its maximum and the lowdstjual
to adiabatit temperaturg as v reaches its minimunficom-
pare e.g, Figs 9(c) and 10(c) for the three-ste model for
the one-st@ modd the temperatug profiles reman basically
the samd. Tha is why the maximum front temperatue can-
not be usa as T,, for determiniry Z, and the established
equilibrium temperatue behird the front is used for this pur-
pose In Figs 9(c) ard 10(c) this equilibrium temperatue lies
in the range x=4-7 cm, highe temperaturg arourd x=0
are the resut of prolongeal ignition and adiabatt boundary
conditions.

Plana 2-D front velocity oscillatiors or one and two
heal periodc modes were observe in our simulatiors de-
pendirg on the tube diametey effective activation energy
(Zeldovich numbej ard initial conditions Shown in Figs.
6(a) and 6(b) are two possibk patterrs for one ard two head
moce propagatio tha can coexig at the same conditions.
The two heal mode with head moving in the sarre direction
was neve observe in 2-D simulations althoudh it can exist
if periodic bounday conditiors (i.e., in the ca® of a front
propagatig on the surfa@ of the cylinden are used*? Fig-
ures 7(a) and 7(b) shav numericallyalculaté sampé 2-D
temperatue fields correspondig to the patterrs in Fig. 6. In
Fig. 7(a the heal moves from left to right leaving high-
temperatue trace behind and in Fig. 7(b) two head are
moving in opposie directiors nea the collision at the tube
axis.
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(@) (b)

FIG. 6. Proposd patterrs of propagatia of one (a) and two (b) heal modes
in the 2-D case Arrows show the direction of the heads) movemen along
the wave front moving downward.

B. 2-D stabilit y diagram

Our approximag analytica stability analyss of the 2-D
problen (following the 2-D analyss by Makhviladz and
Novozhilov** resultel in k-Z stability diagran where k is a
wave numbej shows the neutrd stability boundaris be-
tween different modes arising in 2-D fronts on the D-Z dia-
gram (Fig. 8). Here D is the tube diameter Crossig any
stability bounday while moving up or right in the parameter

(b) X, cm

FIG. 7. Sampé 2-D temperatue profiles with one heal (a) and two heads
(b) for one-st@ reaction mechanism The tube diamete D=12mm, T,
=253K, Z=9.7.
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FIG. 8. D-Z stability diagran for one-st@ reaction E,=18 kca mol™,
k;=11.58< 10" s7%, k=0.001 cnis™, AT=200K.

spae resuls in the appearaneof the denotel mode As seen
from the figure, for sufficienty smal Zeldovich numbers
only constam velocity wave fronts can be observed As Z

increass plana front velocity oscillatiors are the cas if the
tube diamete is small Thes plana oscillatiors can exhibit
period doubling as Z increass further. We demonstrate it

earlie for the 1-D model.

For large tube diametes one head two head ard higher
nonplana modes (multiple heads standig waves etc) ap-
pea as D increasesln the regiors whetre stability zones for
differert modes overlap bistability was observe depending
on the initial conditions For example for Z > 8.48 ard 5
<D <10 mm plana oscillatiors and one heal mode are ex-
pectal to coexist Indeed the one heal moce is observed
only if the perturbatimm of the plana initial conditiors is
large enough otherwis plana oscillatiors are sustaind un-
til the front reachs the bottam of the tube.

C. Three-ste p reactio n mechanism

Numericd simulatiors showel tha resuls for the three-
step ard one-stp reactim kinetics significantly differ with
respet to the front stability and the final produd distribu-
tion. From the steady-sta approximatia of the free radical
concentratia in the reactim zoné” the effective activation
enery can be calculatel as

E,,—E
Eaer=Eapt — 5 25
ard the effective preexponenas
2fA4
Aci=A, A (26)

t
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concentratia profile at t=36 min. (c) The temperatue profile at t=36 min (the highes point of the front velocity oscillation. (d) The free radical

concentratia profile at t=236 min.

In this case the 1-D solutiors for the three-stp mechanism
exhibit periad doubling bifurcatiors at highe effective acti-
vation energis and correspondingl highe Zeldovich num-
bers [Figs 9(a) and 10(a)] compare to the one-st@ mecha-
nism (Figs. 2 and 3). The kinetic constans for Fig. 9 are

E.¢=300 kcd mol 1~ Aj=4.0x10%s™?,
Eap=105kcd mol = A,=1.0x10° s M,

E.;=07kcd mol’= A=3.0x10's*M7}

ard for Fig. 10:
E.q=300 kcad mol %~ Ay=4.0x102s™,
Ea’p: 115 de molil,ﬂ Ap: 50>< 109 S*l Mfl,

E.:=07 kcd mol"}~ A=3.0x10" s 1ML

More complicatel kinetics in this cas gives rise to the
effect tha could nat be accountd for in the one-st@ model.
First of all the complee conversim of the monome is never
observe in the three-stp modéd and experimentally® com-
paral to the one-st@ cae where the conversio is always
100% Figure 9(b) shows the trace of the unreactd monomer
behird the front, and its concentratio oscillates in phase
with the front velocity oscillatiors (the solution behird the
front does not sean well resolvel only becaus the adaptive
grid algorithm does not ke too mary points behird the
front where there are no high gradiens of importart vari-

ables. When the front velocity reachs a maximun the
monome conversia is the lowed ard vice versa The rea-
san for this is tha during the temperatug surge the initiator
is being quickly burrt out in the front, ard the free radicals
are no longe produced Tha leads alower monome con-
versicn comparé to the periods of slowdowrs when the
lower temperatug allows for longe times of the initiator
consumptio and longe free radicd lifetimes It also should
lead to a lower degres of polymerization during thes tem-
peratue surges Figures 9(c) and 9(d) shav the temperature
ard free radicd profiles at the sarre time as the monomer
concentratia profile in Fig. 9(b). The sane holds for the
periad two front velocity oscillatiors shown in Fig. 10(a) and
correspondig monomey temperatureand free radicd con-
centratiom profilesin Figs 10(b)—10(d) where the periad two
oscillatiors of the monome conversim alorng the tube are
clearly defined In Figs 9(c) and 10(c) the temperatue is
constan behird the front excep in the area close to x=0
whet it is highe becaus of the adiabatt bounday condi-
tions and the ignition temperatue T; which was sé to be
highe than combustia temperatue for specifie conditions.
As sea from the figures the same modes are observe at
highe Zeldovich numbes for the three-stp mechanim than
for the one-st@ mechanismlt shoutl be noted that for the
three-stp mechanisn correspondig Zeldovich numbers
were calculatel using lower than adiabatt combustia tem-
peraturs reflectirg less than 100 conversion This is spe-
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concentratia profile at t=16 min.

cific for the experimenthdat ard the three-stp mechanism
involving the initiator and free radicals Thus the three-step
reaction mechanim always tends to produ@ more stabk so-
lutions in the Zeldovich numbe sensei.e., for the sane Z
(assumig the steady-stat approximatia is valid) the three-
step solutiors are expectd to exhibit “lower’’ modes com-
pared to the one-st@ solutions Here the “lower’’ modes
mean e.g, periad one oscillatiors compare to period two
and constamn velocity wawve front compare to periodic oscil-
lations.

D. 2-D simulations

The sane trend as for the 1-D cas is observe in the
2-D simulations Many 2-D nonplana periodic modes can be
obtainel in the numerich experimens only for large tube
diametes (see Fig. 8). Higher Zeldovich numbes are needed
to obsenre nonplana periodc modes compare to the single-
step reaction mechanismincreasingy comple< behavio is
observe as Z increasesThe 2-D temperatug profiles in
Figs 11(a)—11(e) calculatel for the parametes producing
periad two 1-D oscillatiors [see Fig. 10(a)] with an asym-
metric initial temperatue perturbatie demonstrat the point.
The complicatel asymmeti patten with two head similar
to the patten in Fig. 6(b) was observed The differenc is
tha two head moving in opposie directiors appea nat in
the cente of the tube but somewhaclose to the right wall.
When thee head mowve arourd and collide, the collision
occuss nea the left wall becaus the velocities of the heads

are approximate} equal After the collision the head disap-
pea until the nex hot spad is formed agan nea the right
wall ard the cycle repeatsThis patten appeard to be stable,
however for axisymmetrg initial conditiors a symmetric
patten like in Fig. 6(b) was observed.

We note tha when the heal reflecs from the wall, its
maximum temperatug T, does nat significanty exced T,
but as long as it moves along the front its T increass up to
30-50 K highe than T,,,. We concludel from the resuls of
our 1-D simulatiors tha during the oscillation periad high
front velocities with very high T, in the front resut in lower
conversions The sane behavia was expecté for the 2-D
model Due to asymmety of the propagatio patten ob-
tained for asymmetit initial conditiors (Fig. 11) the maxi-
mum heal temperatue was the highes during its movement
from right to left alorg the front moving downward It
shoutl hawe left low monome conversio traces in the
formed product Indeed the traces of low conversim follow-
ing the heal paths from right to left were observedand they
are shown in Fig. 12(a) which represert the 2-D monomer
profile in and behird the reaction zore [compae to Fig.
10(b)]. The contou plot in Fig. 12(b) correspondig to Fig.
12(a) clearly shows the right to left direction of thes traces
as the front moved downward.

X. CONCLUSIONS

Periodt modes play a significart role in propagatig po-
lymerization fronts dynamic and also affed properties of
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the final product In this pape we demonstrate tha the ef-
fective activation energy of the polymerizatian reaction the
Zeldovich number and the tube diamete are sorre of the
bifurcation parametes determinirg the stability of propagat-
ing polymerizatio fronts, and also offered an explanatia of

the phenomeno of superadiabati combustim temperature.

Othe factors sudh as the initiator concentrationreaction en-
thalpy, etc affed the velocity of the front rathe then its
stability. As was found, stability of the frontd mode for the
one-st@ reaction mechanim does nat differ for 1-D and 2-D
casesFor the three-stp reaction mechanim 2-D solutions
are more stabk than correspondig 1-D ones in respet to
appearare of nonplana periodic modes contray to the ac-
ceptal result* tha 2-D solutiors are always less stable In
our ca% it can be explainal by the stabilizing effed of the

500

l“"
ﬂ | i 3
|||| Tl

I
i

N

) \|\|\|\ \
iZ ZAIAN
22\ 2

(e)

FIG. 11 The 2-D temperatue profiles for E, ¢=25.15 kca mol™2, ke
=1.8x10"2s7%, [171,b=0.2 M, Z=10.25 D=20mm. (a) t=260s, the
head nea the collision close to the left wall. (b) t=300s, after separation
the left heal moves left as the right hea hits the wall. (c) t=380s, the left
heal moves left with very high T as the right heal has very low T after
reflectian from the wall. (d) t=460s, after collision the head die nea the
left wall becaus of the initiator burnou as anew hot spd appeas nea the
right wall. (e) t=480s, shortly after two heal separatia [compae to (b)].

tube walls. Higher Zeldovich numbes (i.e., highe effective
activation energia or lower initial temperaturesare needed
for the existene of nonplana periodc or plana oscillatory
modes in the 2-D reacta with walls than for the existene of

oscillatiors in the 1-D case.

Comparimg the one-st@ and three-stp kinetics we con-
clude that the more realistc three-stp reaction mechanism
shifts up and right the stability boundarie on the D-Z dia-
gram compard to the simplified one-stp mechanism be-
cau® for the three-stp mechanim the nonplana periodic
modes are not observe for the tube diametes and Zeldovich
numbes resultirg in sudh modes for the one-stp mecha-
nism The bounday betwea stabk front velocity and 1-D
oscillatiors stays and it is not surprisirg becaus this bound-
ary does not depem on the tube diameter Nonplana modes
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FIG. 12. The 2-D monome concentratia profile (a) and its contou plot (b)
at t=480 s for the sanme parametevalues as in Fig. 11.

also are nat observd if the tube diamete is sufficiently
small.
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