
PHYSICAL REVIEW E AUGUST 1997VOLUME 56, NUMBER 2
Enhancement of the reactivity by chaotic mixing

O. Paireau and P. Tabeling
Laboratoire de Physique Statistique, Ecole Normale Supe´rieure, 24 rue Lhomond, 75231 Paris Cedex 05, France

~Received 10 February 1997!

We report an experimental study of chaotic mixing of chemically reacting species, for first- and second-
order reactions, in a system composed of a pair of like-sign vortices, oscillating periodically in time. For the
second-order reaction, we find that the overall reactivity is enhanced compared to homogeneous mixing. This
provides experimental evidence that chaotic mixing may increase the overall reaction rate for second-order
reactions. We offer a method to estimate the global reactivity, which underlines the role of the concentration
filaments formed, in the system, by the chaotic process.@S1063-651X~97!15108-X#

PACS number~s!: 47.27.Qb, 47.20.Dr
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I. INTRODUCTION

Mixing of chemically reacting species is a wide subje
which has been tackled for many years by chemical en
neers. The discovery of chaos and its implications on mix
processes have stimulated new approaches. Several phe
ena have been studied numerically in systems where cha
mixing takes place. Some provide a chemical signature
the divergence of trajectories in the phase space: This is
case when two similar competitive reactions are chaotic
mixed @1#. Here we consider another phenomenon, wh
has been sort of foreseen some time ago@2#, but, to the best
of our knowledge, has never received a full experimen
investigation: This effect is expected when a chemical re
tion with a nonlinear kinetics takes place in a chaotica
mixed system. In this situation, one anticipates that the re
tion proceeds rapidly in high-concentration regions a
slowly in low-concentration regions, so that eventually~be-
cause of the nonlinear kinetics! one gets a global enhance
ment of the reaction rate, in comparison with pure homo
neous mixing. This phenomenon probably plays a role in
context of ozone destruction in the polar stratosphere, as
cently proposed@3–6#. The purpose of this paper is t
present an experimental investigation of this effect.

II. EXPERIMENTAL SETUP

The experimental system is represented in Fig. 1: T
flow develops in a thin layer of fluid, 2 mm in thicknes
contained in a cell of dimensions 1138 cm2. The fluid is a
conducting solution whose nature depends on the chem
reaction we consider; it will be further described. The flow
driven by electromagnetic forces, due to the interaction o
uniform, horizontal electrical current, and a magnetic fie
produced by permanent magnets, located just below the
@7#. For these experiments, the magnets are arranged so
the flow structure is a pair of corotating vortices, rotating
the plane of the fluid layer~see Fig. 1!. We use an alternating
current, of intensity I 5120 mA and frequency f
5125 mHz. The hyperbolic point located between the t
like-sign vortices oscillates in space, which is precisely
required conditions to get chaotic mixing@8,9#.

Concerning the chemical reaction, we consider here
distinct cases, corresponding to first- and second-order ki
ics which are, respectively, linear and nonlinear in the c
561063-651X/97/56~2!/2287~4!/$10.00
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centration; this is done in order to show that in this proble
the kinetics of the reaction plays a crucial role. In all case
the solution where the flow develops is composed of a m
ture of a solvent, one of the reactants, and a specific indi
tor. According to the protocol we use, the second reactan
injected close to the hyperbolic point of the flow, after th
current has been switched on; the concentration of produc
given by that of the indicator. We follow the temporal evo
lution of the concentration field of product by using a vide
camera, and we use standard image-processing technique
determine, at all times, the mean concentration of the prod
in the system~which requires a calibration curve!.

Before describing the chemical process, it is worth cha
acterizing the chaotic nature of our system. Figure 2 show
Poincare´ map of the flow trajectories: One sees that the tr
jectories fill the regions outside the vortices and leave t
vortex cores unvisited. As expected in a chaotic system,
trajectories of two particles initially adjacent diverge expo
nentially; typically, the rate of divergence is 0.04 s21.

Visualization studies performed with fluoresceine reve
striations developing in the regions outside the vortices. T
evolution of their average thicknesss versus time is shown
in Fig. 3; one obtains an exponential decrease, at a rate eq
to 0.11 s21. For the same period of time, the total areaA of
the concentration filaments and the mean concentrationC

FIG. 1. Schematic representation of the experimental syste
~1! electrode;~2! injection point of reactants~the reactants are in-
jected with a burette whose end is connected to a fine tube!; ~3!
studied region~observation zone!; ~4! configuration of the magnets.
Each magnet produces a magnetic field which has a maxim
value of 0.3 T and decays over a typical length of 3 mm.
2287 © 1997 The American Physical Society
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within them are roughly constant, as expected~Fig. 3!. The
small decrease of the concentration and the correspon
increase of the total area are due to diffusion~enhanced by
the presence of small three dimensional recirculations wi
the layer!. As C becomes roughly constant after a few pe
ods, we consider that the concentrationC;0.6C0 is a rea-
sonable estimate for the mean concentration in the striati

III. RESULTS

Let us now study the chemical mixing. The first-ord
reaction we consider is the hydrolysis of thet-butyl chloride
in the presence of NaCl, a well-documented react
@10–12#, which is expressed by the equation

~CH3!3CCl1H2O→~CH3!3COH1HCl.

In the dilute case„here@~CH3!3CCl#,0.1 mol…, the reac-
tion coefficient is independent of the initial concentration
t-butyl chloride@11#. The hydrolysis follows a first-order ki
netics according to the law

FIG. 2. Poincare´ map of the flow trajectories. The positions o
particles are taken at each period.

FIG. 3. Temporal evolution of the thickness of the striations, of
the total areaA of the filaments, and of their mean concentrati
C. These quantities are renormalized by their initial values:,,
A/A0 ; d, C/C0 ; andL, s/s0 .
ng

in

s.

n

f

v1~ t !5
d@HCl#~ t !

dt
5k1@~CH3!3CCl#~ t !, ~1!

where @•# denotes the concentration andk1 is the reaction
coefficient experimentally determined. We find thatk1
50.022 s21, which is consistent with previous determin
tions @10–12#.

A drop of dilute ~CH3!3CCl initially is injected close to
the hyperbolic point, and it is stretched and folded once
period of oscillation, so that after a few periods, the tw
reactants are entangled within each other. The mixing t
tM , taken as one period of oscillations, is 8 s in ourcase. It
is interesting to follow the evolution of the averaged conce
tration of product@HCl#, which is shown in Fig. 4; one ob
serves that it increases with time and tends to reach
asymptotic value. Above a typical time, the reaction
achieved and the system does not evolve any more. Le
introduce a characteristic time of reactiontR , taken as the
half-life of the reactiont1/2 and defined in this case bytR
5 ln 2/k1'32 s and the Damko¨hler number Da[tM /tR
@13,14#, Da'0.22 for this experiment. Since we are in
situation where the reaction time is larger than the mix
time and there is no nonlinearity in the kinetics of the rea
tion, we expect that the temporal evolution of the concen
tion will be the same as for a homogeneous mixing. This
precisely what we observe in Fig. 4.

Striking differences appear when we use a second-o
reaction in the same flow and with comparable values of
Damköhler number. The corresponding reaction we consi
here is the ionic reaction between the hydrogen perox
H2O2, iodide ions I2, and hydrogen ions H1; the stoichio-
metric reaction reads

H2O212I212H1→2H2O1I2.

This reaction is also well documented@15#. When hydrogen
is in excess, the concentration of H1 remains essentially con
stant and the kinetics is governed by the equation

v2~ t !5
d@ I2#~ t !

dt
5k2@H2O2#~ t !@ I2#~ t !, ~2!

FIG. 4. Ratio of the concentrations@HCl#/@HCl# f as a function
of t/t1/2 ~@HCl# f is the final concentration of HCl!. Chaotic mixing
~dots! and homogeneous mixing~solid line! are illustrated. The ex-
perimental error on the concentrations measurements is typic
lower than 15%.
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which is precisely a kinetics of second order. We have me
suredk2 for a concentration@H1#50.76 mol which is the
mean concentration~i.e., averaged throughout the reacto
volume! we impose in the experiment, and we findk2
50.11 mol21 l s21. There is now a range of decay rates fo
the kinetics of the reaction: In the experiment, sinc
@H2O2# ranges between 0.33 mol~in the initial blob! and
0.0475 mol~when mixed with all the reactor!, the chemical
time constant lies between 13 and 96 s. The correspond
Damköhler numbers will therefore range between 0.6 a
0.08.

The temporal evolution of the concentration of iodin
obtained by doing the same experiment as above, but w
the second-order reaction, is displayed in Fig. 5. One can
that the global reactivity is much larger than the one obtain
by using homogeneous mixing. The typical time for the r
action is now 26 s~instead of 96 s for a homogeneous mix
ture!. As already mentioned in the Introduction, the physic
origin of this enhancement is that throughout the mixing pr
cess there exist sizable gradients of concentration. Kinetic
enhanced in regions of high concentrations of H2O2 and is
slowed down in low-concentration regions. Since Eq.~2! is
nonlinear, the reactivity is globally increased. For linear k
netics, such as the hydrolysis of thet-butyl chloride, there is
no net effect on the global reactivity. To characterize t
phenomenon by a number, one may determine an effec
reaction coefficientkeff obtained by assuming that the syste
is homogeneously mixed and the underlying reaction is
second order. We getkeff53.8k2 . There is thus an apparen
enhancement of the reactivity, and it is permissible to s
that chaotic stirring produces a ‘‘dynamical catalytic effect.

IV. DISCUSSION AND CONCLUSION

Here we offer a way to estimate the amplitude of th
catalytic effect we introduced above. The starting point is
assume that the reaction takes place in the filaments, wh
the concentration~averaged over the total area occupied b
the filaments! can be fitted by an expression of the form

@H2O2#~ t !5~@H2O2#g2@H2O2#m!e2t/tD1@H2O2#m , ~3!

FIG. 5. Ratio of the concentrations of@ I2#/@I2# f as a function of
t/t1/2. Homogeneous mixing corresponds to the solid line, and f
mula ~5! is displayed as a dashed line.
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where @H2O2#g is the concentration in the initial blob
@H2O2#m the concentration averaged throughout the reac
and tD the rate of decrease of@H2O2#(t) corresponding to
Fig. 3. After integrating Eq.~2!, we obtain that the globa
concentration of the formed product reads

@ I2#~ t !5
@ I2#0

2 F12expS 22k2E
0

`

@H2O2#~ t !dtD G . ~4!

We thus obtain for the global concentration of I2 the expres-
sion

@ I2#~ t !5
@ I2#0

2
$12exp@22k2~tDD~12e2t/tD!!

1@H2O2#mt#%, ~5!

whereD5@H2O2#g2@H2O2#m .
This expression is represented in Fig. 5~see the dotted

line!. Rough agreement is obtained between this line and
experiment. We find a characteristic reaction timetR517 s,
to be compared to 26 s found experimentally. The react
rate we find is thus 35% above the actual one; this devia
is significant, but, owing to the simplicity of the calculatio
remains acceptable. Therefore, assuming that the reaction
velops in the braids generated by the chaotic process all
us to determine effective reactivities consistent with the
servations.

To summarize, we have shown, for a particular chao
system and a second-order reaction, the existence of a
lytic effect which originates in the fact that concentratio
gradients persist as the chemical reaction proceeds. We
proposed a simple method to determine the global reacti
and have shown that the results agree, within 35%, with
experiment, whereas assuming homogeneous mixing lea
underestimate the reaction rate by a factor of 4. This
proach underlines the role of the filaments produced by
chaotic process. More generally, one may expect that
dynamical catalytic effect is at work whenever a chemi
reaction with nonlinear kinetics~non-necessarily of secon
order! takes place in a chaotic flow, provided the Damko¨hler
number is neither too small nor too large. In the series
experiments we have performed with the second-order re
tion, the overall Damko¨hler number ranges between 0.08 a
0.6. In the arctic pole, the set of reactions leading to ozo
destruction defines a complex chemical system, but its kin
ics is close to that of a second-order reaction@16#. The cor-
responding overall Damko¨hler number estimated from
stratospheric data@17–19# is roughly 0.02; this is on the
border of the range we have considered in our experim
Thus one may suggest that the catalytic effect we disc
here is at work and, therefore, may contribute to increase
rate at which the ozone is destroyed in the arctic pole,
proposed in@6#.
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