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The effects of inhomogeneity of a reacting system on the

chemical rate and dynamics have received different attention in
the chemical engineering and chemical kinetics communities.

While the hydrodynamics of mixing and its effects on simple
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of the stochastic steady state of the reatiice,, by the first ks

and the second®) moments of the fluctuating concentration. In
the well-stirred limit o> — 0 one usually considers only the
deterministic statex{). Recently we showed theoreticdllhat
there exists a linear correlation between the shift x; — x4 of

the stochastic steady state from its deterministic limit and the
varianceo? of the mixing-induced noise

A = a(kk,X,)o )
where the proportionality constantis determined only by the
rate law and the deterministic rate parameters for a given mixing
mode?

The experiments were conducted in a cylindrical CSaRT
= 22 °C, using a two-blade propeller stirrer in the rarnge=
0—1500 rpm. Reactants were stored in two solutions: (A) 0.0071

reactions are well-developed subjects of the chemical engineeringM KNO: (B) 0.0071 M FeSQ 2 M H,SO, which were pumped

curricculum? chemical kineticists usually treat rapidly reacting
systems as if they were homogenebuasd little is known

into the reactor either in two NPM streams entering at the bottom
(B) and at the top (A) of the reactor or combined just prior to

quantitatively about the dependence of rate and conversion on €ntering into a single PM stream. The state of the system was

the mixing-induced noise that arises from the system’s
inhomogeneity-except for diffusion-limited reactiorfs.In stirred
flow reactors, e.g., the continuous flow stirred tank reactor

monitored by a Pt electrode (0.1 mm Pt wire fused in glass, 0.2
mm long) relative to a Hg/HgSQreference electrode. Control
experiments showed that the observed fluctuations of the signal

(CSTR), there exists a continuum of inhomogeneity or segrega- arose primarily from reactive mixing.

tion, and the kinetics depends intricately on the hydrodynamic

Figure 1 (parts a and b) show the time averdgg) @nd the

state through the design of reactor and stirrer and through thevariance ¢?) of the measured Pt-electrode potential as functions
stirring rate and mixing mode, i.e., the use of a single, premixed ©f the stirring rate § for PM (closed circles) and NPM (open

(PM) or of separate, nonpremixed (NPM) reactant feedstréams.
Recent studies in different fields of science, as far afield as

circles) feedstream configurations. It is evident that increasing
the inhomogeneity by decreasing stirring from its maximal value

stratospheric chemistry and oceanography, have shown that noiséS = 1500 rpm) to nonstirred conditionS ¢ 0 rpm) decreases

can play an enhancing role in dynamical systéms.
The aim of this Communication is to show, by experiment and

the potential (and increases fFg hence decreases the reaction
rate) in the NPM mode (Figure 1a). Inthe PM mode the opposite

simulation, that progress may be made by taking into accountiS true, and decreased stirring increases the reaction rate.
the noise generated by the mixing process and seen by a fixedPecreased stirring also increases the noigg i both mixing

detector and that it is possible to account quantitatively for the

modes as expected (Figure 1b), and the variance is always higher

inhomogeneous kinetics in a CSTR. For the experiment we usein the NPM mode than in the PM mode. Despite the different

the second order reactibn

2F¢" +NO, +2H"—2F€" +NO+H,0 (1)

Its rate law is d/dt = —kx% + ko(X,—X) when the inflow
concentrationg, = [Fe?"]o = [NO, ], are equal and where=
[FE€T]. ko is the inverse residence time.

Imperfect mixing is taken into account by assuming perfect
macromixing and by describing the micromixing process in terms
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dependence of the average potential (concentration) and its
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raw data using a calibration plot betweEs and [FE]/[Fe?'] is possible for
the PM mode only because the conservatiorr{Fe- [Fe*] = [Fe&*'], is
valid in every subvolume of the reactor for the PM mode but not for the
NPM mode. Thus the linear scaling (2) was rigorously confirmed for PM and
approximately for NPM, based on simplifying assumptions. Nevertheless we
present in Figure 1c the scaling of electrode potential and its variance to
emphasize that the scaling (2) applies also to experimental raw data. This
different representation of experimental results and of simulations accounts
for the opposite slopes in Figures land 2.
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Academic Publishers: Dordrecht, 1994.

(14)Modern Trends in BiothermokineticSchuster, S., Rigoulet, M.,
Ouhabi, R., Mazat, J.-P., Eds.; Plenum Press: New York, London, 1993.

(15) Thoenes, D. Chemical Reactor Development; Kluwer Academic Pub-
lishers: Dordrecht, 1994.

(16) Fox, R. O.; Villermaux, JChem. Eng. Scil99Q 45, 2857-2876.

(17) In control experiments without reaction, using a single feedstream (B)
that contained FeSO+ H,SQ,, the noise amplitude was—-6x smaller than
in the presence of reaction. Likewise, it was ascertained that in the absence
of the propeller-stirrer, electromagnetic radiation from the stirring-motor alone
contributed negigibly to the observed fluctuations of the signal.
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Figure 1. Dependence of the system response on stirring rate: (a) time o - - o
average of the Pt-electrode signal and (b) its variance. Panel (c) gives 2

the linear relationship between the shift= Ep(S) — Ep{1500) and the

variances? Open circles—= NPM mode, closed circles PM mode. Figure 2. Dependence of (a) the average reactant concentrajpar(d

(b) its variance on the mixing rate, obtained by simulations for the

. . : : . bimolecular reactiolA + B in a CSTR (Ao = [Blo=1; k= 0.4,ky =
:‘/jl[ilﬁ‘en((i:eyFtrgeu?:r:ll.((e:nct::orrﬁ:?r%csmtﬂgFl)ir%)a??st(\:lgleiﬁg t(g()est?e?vl\jsgﬂt;ﬁz Is0.125). Panel (c) illustrates the linear relation between the ahift ag

. ) . . - — ag and the variance? for both PM and NPM modes. Symbols as in
shift A of the stochastic steady state from its deterministic limit Figure 1
and the mixing-induced nois# for both mixing mode$! The '
linear regression coefficient R > 0.987 for both data sets. into contact and thus enhances the reaction rate, while “age or

To confirm that the linear scaling relatiax(¢?) is generic for back mixing” of PM feeds dilutes the inflow in which the reactant
both mixing modes, we performed simulations of the bimolecular concentration and hence the reaction rate are maximal, and
reactionA + B in a CSTR using the coalescence-redispersion therefore decreases the overall rate. Most importantly in the
micromixing model® which describes the interaction between present context, the results show that in both mixing modes the
mixing, feeding, and chemical relaxation. It treats the CSTR as reacting systems respond linearly to the intensityf mixing-

a large number of identical cells which evolve like batch reactors. induced noise. This scaling does not depend on the particular
Flow is represented by randomly choosing cell(s) at fixed intervals source of imperfect mixing and on the experimental setup. If,
and replacing them by fresh reactants, PM or NPM as the casefor some reason, one cannot eliminate mixing-induced noise from
may be. Mixing is represented by averaging the concentrations the signal, then it is possible to account for its presence by using
of randomly chosen pairs with raig, ~ S Figure 2a,b gives the linear scaling law (2) by extrapolating to the infinite stirring

the average concentrati@gand its variance? of the reactanf limit 02 — 0. This may be useful in stopped-flow studies of
as functions of mixing rate. These results are in good agreementchemical kineticd?in ultrafast dynamic$? biological chemistry?

with experimentsd! The slopea of the dependence af on o? chemical engineeringatmospheric and stratospheric chemistry,
coincides with that predicted by theory for PM feedstredifise i.e., in studies where mixing-induced noise is naturally present

analysis of experimental results for different concentrations, flow, and cannot be eliminated.
and stirring rates and the corresponding simulations show that
the linear scaling law (2) is valid for both feedstream configura-
tions and for any parameter values.

The experiments and simulations reported here confirm that
stirring in PM and NPM feeding modes has opposite effécts.
“Stream mixing” of separate NPM feedstreams brings reactants JA973099R
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