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FOREWORD

Mixing is part of the infrastructure of the chemical, petrochemical and biochemical industries.
However, concerns have been raised that these industries are in need of better characterization of
mixing, mass transfer, reaction, multiphase fluid mixing, etc, because of economic significance of
mixing.

Mixing problems arise in both the design of new equipment and in the retrofitting of new
processes into existing equipment. Research advances in mixing will significantly affect the success
of emerging technologies and the efficient use of natural resources as well as contribute to safety
and environmental quality.

It is with this purpose that this symposium was developed.

This symposium is-the first official publication of the North American Mixing Forum (NAMF) of
the AIChE. The North American Mixing Forum was officially recognized as part of the American
Institute of Chemical Engineers in 1991.

Gary B. Tatterson

Department of Chemical Engineering
North Carolina A&T State University
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Richard V. Calabrese

Department of Chemical Engineering
University of Maryland

College Park, MD 20742
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IMPERFECT MIXING AND PARADOXICAL
PRODUCT DISTRIBUTIONS FOR A
STIRRED SEMI-BATCH REACTOR

R. Mann and A.M. El-Hamouz M University of Manchester Institute of Science and Technology,
(UMIST), Manchester, England

For a triplet consecutive halogenation sequence forming mono-, di- and tri-substituted products, under perfect mixing
there would be no effect of addition time. Also under perfect mixing, the final tri-product can only appear after the first and
second products are formed. Imperfect mixing violates both these qualitative features. The quantification of imperfect mixing
has been achieved using the network-of-zones model for a typical 30 dm?3 semi-tech stirred vessel being stirred at 100 rpm.

For equal rate constants for each of the triplet sequence

A+B—>AB+B — AB,+B —> ABjorA+B—>R+B—>S+B—>T

it is demonstrated that addition times between 40 and 200 seconds cause a reversal of product appearance from the perfect
mixing case, so that the tri-product appears ahead of both the mono- and di-products or else ahead of just the di-product.
The corresponding concentration fields of the substituting halogen B during semi-batch operation are presented as sectional
image reconstructions - localized concentrations of B emanating from the point of addition cause the paradoxical reversal
of the product sequence. The calculations presented are relevant to industrial halogenations of hydrocarbons which involve

miscible liquid mixing.

Introduction Perfect mixing is often assumed in the
assessment and description of stirred vessel chemical
reactors. It is frequently the case, however, that the
assumption remains untested. In practice, the validity
of assumed perfect mixing requires an assessment of
the interactions of the rates of chemical reactions with
the rates of mixing induced by stirring. Mixing by
stirring results from the action of convective flow plus
any associated turbulence. Applications of the
network—of—zones model has progressed from flow
follower simulations (1), through description of tracer
dispersal and mixing (2,3), to most recent work on
pairs of reactions (4,5) which exhibit significant partial
segregation.  The network—of—zones model has also
been shown to be useful in predicting gas dispersion
for a stirred gas—liquid reactor (6) and describing axial
and radial solids concentration gradients in single (7)
and multiple (8) impeller vessels. In this work we
examine the effects of imperfect mixing for a triplet set
of reactions, using a network—of—zones formulation for
a stirred reactor fitted with a radial flow Rushton
impeller.

Three Reactions Under Perfect Mixing Before
considering the impact of departures from the ideal of
perfect mixing, it is appropriate to briefly present the
formulation of the perfect mixing equations for a
triplet sequence of competitive/consecutive reactions.
In line with typical halogenation sequences for
hydrocarbons, the reaction scheme under consideration
i1s generally written A+B - AB+B - ABo+B - ABj3
or A+B - R+B - S+B - T.

Under perfect mixing with simple mass action type

kinetics, the kinetic rate equations when integrated
yield the concentration trajectories of the five
components. Of particular interest for practical batch
processing is the instantaneous fractional yield of a
product I with respect to reagent A denoted by .
For the initial product R this is given by

R leACB - szRCB koC

)= =1-5 (1)
. 1
k1C,Cy

so that the relative yield of product R is independent
of the concentration of B.  This means that the
relative yield of R and the other products S and T are
quite independent of the rate of addition of reagent B
under semi—batch operation where B is added to A.

By way of illustration, we shall examine the behaviour
of an isothermal semi—tech reactor of volume 30 dm3
stirred by a Rushton turbine at 100 rpm. The results
for a semi—batch addition of B over 200 seconds are
shown in Fig.l1 where the charge of B is three times
the initial molar charge of A, so that the reaction will
proceed through to complete reaction to the final
product T. With ki = ko = k3 = 500 m3 kmol! s71,
the concentration trajectory of A shows an
approximately first order disappearance. The first
product R reaches a dimensionless maximum at 0.36
after about 70 seconds and the second product S peaks
at 0.28 after some 130 seconds. The final product T
accumulates progressively at an accelerating rate up to
an inflexion point at around 190 seconds. In line with
the use of equal rate constants, the final product T
only begins to appear at an appreciable level after the
primary and secondary products have passed
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sequentially through their maximum values. The result
of the independence of ¢ upon the concentration of B
as shown in Eqn.l, suggests that there could be no
interest in the variation of the rate of addition of
reagent B. This is only true, however, provided that
the assumption of perfect mixing is reasonably valid.
In order to predict the effects of the interactions of
internal mixing and addition rate of B upon this
triplet sequence of reactions, it is necessary to set up a
valid model of the interactions which can account for
the finite rates of mixing, flow and reaction which are
present in real cases.

Formulation of a Network—of—Zones Analysis Fig.2
shows a modified form of the previous
network—of—zones  (2,3) which accommodates the
impeller at a clearance above the base of ¢ = H/3.
For this one third clearance positioning, there is an N
x N set of zones below the impeller and a set of N x
2N zones above the impeller. There are then N/2
concentrically nested flow loops below the impeller as
well as above it. Fig.2 shows the two innermost flow
loops around each of the upper and lower focii of
circulation. In Fig.2 the outermost flow loops above
and below the impeller are shown partially complete,
indicative of the general case for arbitrary N values.
It is possible to introduce any form of internal velocity
profile by allocating the overall impeller generated flow
equally amongst the flow loops (totalling N) and
adjusting the set of zone volumes accordingly.
However, earlier work (2) showed that such volume
manipulation to adjust the velocity profiles made
almost no difference to the mixing behaviour when
compared with the simple equal volume case. This is
equivalent to the mixing being dominated by the
overall convection rate of the impeller. With N = 20,
the set of zones comprises 1200 zones in total. Each
backmixed zone experiences an equal and opposite
exchange flow with adjacent zones in adjacent loops.
The exchange flows are always 'orthogonal' to the
mean circulatory flow and conceptually are meant to
simulate the effect of turbulence acting to create
mixing between parallel flowing convection streams.

Semi—Batch Addition of Reagent B In line with
earlier discussions, the vessel is envisaged to hold an
initial charge of reagent A and B will be added in
concentrated form semi—batchwise over an addition
time period ty. For an arbitrary i, j zone, such as the
zone (3, N + 2) shown ringed in Fig.3, in which the
convective flow in a loop is outward (in the direction
of increasing i), an unsteady material balance for a
component I gives

dCI ihj q
= |C,. —(1+2
dt Vi, [ li-1, e ﬂ)clij

C 3 g
+H( Ii7j+1+C1i,j—1)]illi,j @
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Eqn.2 applies to every component in every zone, except
for the zone which is the addition point for B. For a

linear addition rate of B given by qu} the input term

for B is given by the product C}g qff;, over the addition

period tg.

The initial conditions are C, == C% and C_ |,
Aij A Bi,j

C C C =0

Ripj” “Sipj" Tiyj

The set of equations (2) for all i,j and I = A, B, R, S
and T can be integrated using any convenient
integration routine. For the case of N = 20, this
triplet sequence of reactions requires the solution of
6000 first order ordinary differential equations (odes).

Imperfect Mixing with Slow Addition of B A range of
simulations will now be examined which have the time
of addition ta as the principal variable, starting with
ta = 200s. This provides a direct comparison with the
perfect mixing case previously outlined. The overall
flow rate generated by the impeller at a stirrer speed
of 100 rpm will be obtained from Q = 2.75 nD3 as
suggested by Oldshue (9) and in the present
calculations it will be assumed that this overall flow is
allocated 2/3 to the upper circulation and 1/3 to the
lower circulation. As a result, the average circulation
times are identical above and below the impeller. A
network configuration of (20 x 20) + (20 x 40) will be
adopted with a turbulent exchange parameter value of
B = 0.2, except for the impeller zones where a value of
B = 10 is used, in line with previous simulations of
tracer mixing behaviour.

In constructing sectional concentration fields, a simple
linear horizontal shading convention for each zone will
be applied (4,5). Fig.3 then shows the computed
concentration fields for B over five time intervals from
the initial condition to the completion of addition of B
semi—batchwise. After 40s, when one fifth of the B
has been added, B is only detectable at a
concentration greater than 0.1 CX in 3 zones with a

maximum of three lines in the addition zone (i*, j* =
1,58) just below the liquid surface where CB/CA <
0

0.7 but > 0.5. By the time four—fifths of the B has
been added at 160s, the cloud of B, or reagent plume
as it appears by shading, has enlarged over about 15
zones. On completion of addition at 200s, there is a
large distinguishable plume of B which extends as far
as the impeller. The highest concentration at this
point extends over two zones just below the addition
point. Mixing and reaction continue on cessation of
addition, but after a further 10s (equal to 2.2 interval
turnovers of the batch fluid), no shading is present on
the final sectional image. There is a corresponding
evolution of a counterpart concentration field for the
primary reagent A throughout the semi—batch addition.
The set of image reconstructions for A, using the same
shading convention, are set out in the same way as for
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B in Fig.3. The reagent A initially fills the whole
vessel at its initial concentration, with every zone
shaded with 5 horizontal lines. Over the first 100s or
so, the non—uniformity of reagent A is more
pronounced than for reagent B. This is because A is
continually swept through the zones close to the
addition point by convective flow. A is reacted and
then convected on towards the impeller. The
concentration field of A shows a developing depletion,
whilst B forms a smaller pseudo stationary flame or
plume which is initially just confined to a few zones
below the injection point. This pattern reverses itself
however during the second half of the addition. The
plume of reagent B continues to grow whilst the zones
relatively depleted in A shrink.

The overall effect of the spatially non—uniform
concentrations then shows up in Fig.5 which plots the
product distribution versus the conversion of A. As
Fig.5 shows, the overall effect of the 'real' mixing is to
shift the maximum in R significantly lower to a
dimensionless  value of  0.25. Similarly  the
dimensionless peak value of S is reduced to about (.20
but with only a small displacement to a later time.
The overall average concentration for the tri—product
T is increased at all times except at the very end of
the reaction. It is clear from Fig.5 that under this
degree of imperfect mixing, the sequence whereby the
primary product appears initially, followed by the
second product and thereafter the third product is
exactly in line with the qualitative behaviour for the
initial sequential appearance of mono—, di— and
tri—products expected from perfect mixing. Results in
Fig.5, use conversion of A as the abscissa.

Imperfect Mixing with More Rapid Addition of B If
the time of addition of B is shortened to 40s, it can be
anticipated that a relatively more intense cloud or
plume of B will be seen. Details of the concentration
field of B, whilst all other conditions are maintained,
at the point at which all the B has been added, are
shown in Fig.4(b). The detectable field of B
delineated by the single shading of zones is always
several times larger than for the slower 200s addition
case. The behaviour of the concentration field of B is
complemented by a correspondingly more severe local
depletion of reagent A. ‘There is now more intensive
partial segregation of B. The overall result in terms of
the integrated average concentration of each component
is then shown in Fig.6. It is immediately obvious that
the sequence of appearance of each product has now
reversed when compared with the result for slower
addition in Fig.5. The tri—product T now accumulates
in the batch in advance of the mono— and di
products. This is an apparent paradox since it appears
as if the tri—product is produced by chemical reaction
faster than the initial mono— product. Such behaviour
s impossible under perfect mixing unless one
presupposes™that some hypothetical fast reaction to the
final product were to somehow by—pass, by a parallel

path, the normal progressive sequence of product
formation. The kinetic scheme would need to have the
appearance:

k1
[
A+B X pyp X2 g p k3 1

such that the triplet addition or substitution were
instantaneous.  The resolution of the paradox is of
course already obvious from the concentration field in
Fig.4(b). The much more intense concentration of B
below the point of addition causes the sequence of
reactions to advance locally almost to completion to
the final product, so that its integrated average rate of
appearance (over the whole vessel) is in excess of the
overall rates to R and S.

At an addition time of 80s, the behaviour of the
concentration field of B as shown in Fig.4(c), lies
intermediately between those shown in Fig.4(b) at 40s
and Fig.4(a) at 200s. On completion of addition of B
after 80s, the plume of added B still stretches through
the impeller, but the greatest concentration of B now
only extends part way down to the impeller itself.
There is no multiple shading of zones beyond the
impeller tip in this case, so that the 'visible' plume
extending  beyond the impeller is much less
concentrated. The intermediate behaviour of the
overall averaged concentrations is then shown in Fig.7.
Product R and product S appear with maxima as in
each of the other two cases. However, it is now the
case that the tri—product T accumulates after the
initial appearance of R but in advance of the
accumulation of §. On a simplistic basis, with
assumed perfect mixing, this case has apparent reaction
kinetics of the form:
k!

k3 | ko k?l
A+B 5% R+B =° S4B =3° T
with T seemingly formed directly by a 'shunt' from R.
As before, the explanation arises from localised
over—reaction as a result of a locally high concentration
of B. It is obvious that imperfect mixing gives rise to
a whole range of possible distortions of the product
distribution, some of which can appear paradoxical
with reference to perfect mixing.

Conclusions

The network—of—zones model can be applied to
evaluate the effect of imperfect mixing on the triplet
sequence of reactions

A+B 8 pip K2 g p K3 ¢

for semi—batch addition of B to a stirred vessel
charged with reagent A. For a (20 x 20) + (20 x 40)
division of the reactor volume, a representative set of
parameters shows how the degree of partial segregation
of the reagents A and B is affected by linear time of
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addition (effectively addition rate). The partial
segregation of A and B can be conveniently visualised
using a simple degree of shading for each zone in the
network, providing for a sectional image reconstruction

of the concentration field. The concentration
trajectories of each of the products can show an
apparently paradoxical behaviour. Under perfect

mixing, the primary product must appear initially
ahead of the second product, which is then followed by
the final product. For very strong segregation of A
and B, caused by a rapid addition of B, it is shown
that it is possible for the final product to appear
initially well ahead of the first and second products,
even though in passing through maxima, the primary
and secondary products show a behaviour in
accordance with simple chemical kinetics. With
sufficiently slow addition, the behaviour of product
trajectories is qualitatively close to that expected for
perfect mixing. At an intermediate rate of addition of
B, an attenuated paradox can be observed, whereby
the final product appears after the first one, but ahead
of the second one.

Nomenclature

Cl concentration of component I

impeller clearance
impeller diameter
liquid depth
radial zone position
axial zone position
reaction rate constants
network size
impeller rotation speed
total internal flow rate
zone loop flow rate
reaction rate

Tmge

e
=
oy
wW

o o8 =

]
—_—

T tank diameter

t time

Vi,j zone volume

©(I/A) instantaneous yield of product I
turbulent exchange flow ratio

®(I/A) overall yield of product I
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USE OF PARALLEL COMPETING REACTIONS TO
CHARACTERIZE MICROMIXING EFFICIENCY

Jacques Villermaux, Laurent Falk, Marie-Christine Fournier, and Claude Detrez
M Laboratoire des Sciences du Génie Chimique CNRS, Ecole Nationale Supérieure des Industries Chimiques,
Institut National Polytechnique de Lorraine, P.0. Box 451, 54001 Nancy Cedex, France

Parallel-competing reactions A + B — R (instantaneous), C + vB — S (fast) whereby B is added to an excess of A+ C may
be used to assess micromixing efficiency. The relative amount of B going to S is a measure of segregation intensity. A segregation
index Xs may be defined from the selectivity of S. Simulations with the Incorporation Model show that the micromixedness ratio o
= (1-Xs)/Xs may be expressed as o = KB" where B = tpo/t,, is the ratio of the reaction time tg, to the micromixing time t.,. K
and n depend both on the stoichiometric amounts of reactants. n is close to 1 when B is large. A new system is proposed where
A'is a weak acid, B a strong acid and C a stoichiometric mixture of iodate and iodide. S is iodine which can be easily measured by
spectrophotometry. Experiments were carried out in a laboratory stirred tank both with the standard consecutive-competing diazo
reaction system and with the new parallel-competing systems. o was determined at various locations of the injection point as a
function of stirring speed. Good agreement was obtained between both methods and model predictions. The new parallel-competing

reaction system thus appears promising for micromixing studies in mixing equipment.

Experimental test reactions giving products whose
selectivity is significantly dependent on micromixing are
useful to validate scale-up procedures of industrial mixers
and to assess mixing efficiency. Consecutive competing

reactions A + B - R, R+B — S have been
extensively used in this respect. The "Swiss School" has
especially developed diazo-coupling reactions where A is
1-naphtol and B diazotized sulfanilic acid. The yield Xg of
S based on B is a segregation index. However, this
system presents certain disadvantages, which have been
recently pointed out by several authors [3] [4]. The
reaction produces in fact two isomers of monazo dye, the
para and the ortho form [5], therefore, the definition of
Xs is more complicated. The concentrations of dyes R
and S are determined spectrophotometrically and this is a
source of inaccuracy especially with respect to the
extinction coefficient of S, as it is difficult to isolate pure
samples of these dyes.

Instead of consecutive-competing reactions, parallel-
competing reactions may also be used [1] [2]

A + B (defect) — R (quasi-instantaneous) (1)
C+ VB — S (fast) (2)

whereby B in stoichiometric defect is added to a mixture

of A and C. Let Y = vng max / N be the yield of S at total
consumption of B, i.e. the fraction of B which leads to the
formation of S. If micromixing is instantaneous, B is
totally consumed by the first reaction which is much faster
than the second one and no S is formed, Yy = 0.
Conversely, if the fluid is segregated, micromixing is
infinitely slow with respect to both reactions which appear

as instantaneous from the standpoint of B. This reactant is
thus consumed in the ratio of the concentration of A and C
present in the medium. Taking into account the

stoichiometric coefficient v, the yield of S is then Yg =

Vngo / (VNgo+nap). A normalized segregation index Xg
may thus be defined as Xs = Y/Ys, which varies between
0 for perfect micromixing and 1 for total segregation.

The aim of this paper is to study how Xg depends on
the micromixing time ty, to compare the performance of
parallel - competing and consecutive - competing
reactions, and to present experimental results obtained in a
laboratory stirred tank with a new system of parallel-
competing reactions.

SEGREGATION EFFECTS ON PARALLEL-
COMPETING REACTIONS PREDICTED BY THE
INCORPORATION MODEL.

The principle of this model, which belongs to the
family of "Engulfment models" [6], has been presented in
a preceding paper [7]. The reacting volume consists
initially of a volume V7 containing B and a volume V¢
containing the other reactants A and C. Upon
micromixing, volume V3 is assumed to gradually
incorporate the fluid from volume V; and to grow as a
function of time according to Vp = Vg g(t), g(t) is an
arbitrary function accounting for the mixing process.
Linear growth g(t) = 1 + t/t, and exponential growth
functions g(t) = exp (t/ty) were tried here, tpy being a
characteristic micromixing time. The linear growth means
that incorporation takes place with a constant flow-rate.
The exponential growth corresponds to an incorporation
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flow-rate proportional to the volume V3 of the partially
segregated zone. Such a law was used for instance in a
model proposed by Zwietering [8]. Mixing is assumed to
occur instantaneously within V3 and the incorporation is
thus the controlling process. Chemical reactions are also
assumed to occur only in volume V2.

The first reaction A+B — R is assumed instantaneous
and the rate of the second one C+vB — S is assumed to

bery = kQC% Cg. The mass balance equations in reduced

form are easily derived as follows

BaY
) 3)
d dl
P
?'R% )
doC _ 0 0y AInCE) B
% de Q-0c) g B
B oY
PR ©)
dos _ . dln(g), " °©
de =-9s dt B
k9=0,<PB=1,<Pc=(Ps=0 (6)

The reduced variables are 6 = t/ty, (PB=CB/C;;0’
(pc=Cc/(‘BO, (ps=Cs/CBO, P=CA0/CBo’ Q=CCO/CBO’

' 4 _1 -1
B =tr2/tm = (k2 CBOY B tm)
where
CBo =ngo/V20, CCo =nco/V 10, Cyo = 1A0/V10,

Cg =ng/V3, Cc =n¢/Va, Cs = ng/V>.

Knowing the mixing function g(8), the system (3) to
(6) is easily integrated until total consumption of B i.e.

¢B=0 corresponding t0 gmax = 1 + (P+vQ)-1. The final
yield of S is Y = V@S, max gmax and the segregation index
is Xg = Y/Yg where Yg = vQ/(P+vQ)

It is interesting to consider the quantity

a=(1-Xs)/Xs=(Ys/Y)-1 that we have named the "micro-
mixedness ratio” [9]. It has been shown with other

systems [7][10] that o is proportional to B = tr/tmy, for
sufficiently large values of B. Figure 1 confirms this fact

from numerical simulations performed with B=2, y=2,v=2
and various values of P,Q with the two incorporation

laws. The linear relationship o = KB is observed only for

B > 1. However, the proportionality constant K depends
mainly on the stoichiometric ratio Q/P. In the region

B << 1, the slope of a vs. B in log-log plot is smaller.
Numerical simulations performed with P = 0.02225 and
Q =0.00175 corresponding to the experimental conditions
which were used for experiments presented below show

that for B < 10-3, a varies as B™ with m of the order of
0.3. This remark will be useful for the interpretation of
experimental data.

Similar results may be obtained by the Diffusion Model
where it is assumed that upon injection of B into the A,C
mixture, small aggregates of B are produced which later
mix by simultaneous diffusion and chemical reaction. It
was shown in reference [10] that diffusional and lumped
mixing models (e.g. the IEM model) yield equivalent
results for predicting the influence of segregation on
chemical reactions if their characteristic micromixing times

are equal. For aggregates of thickness 28, the diffusion

time is tp = 82/ [(p+1) (p+3)D] where p is a shape factor,
p = 0 for slabs, p = 1 for long cylinders and p = 2 for
spheres [12]. Setting tp = t,, , one obtains the equivalence
condition between Diffusion and Incorporation models

B = (p+1) (p+2) / Dag where Da; = ky cBoﬁ”'lzﬂ/D,

Figure 2 shows that the results for long cylindrical
filaments are close to those of the Incorporation model
with a linear growth mixing function.

A NEW SYSTEM OF PARALLEL-COMPETING
REACTIONS. EXPERIMENTAL STUDY OF
MICROMIXING EFFICIENCY IN A LABORATORY
STIRRED TANK.

We propose a new system of parallel reactions suitable
for micromixing tests. Species B are protons supplied by

a strong acid. A is a base A- supplied by a weak acid AH.
The first reaction is thus a mere neutralization

Ht*+A-2 AH (7

The second reaction is the iodate-iodide reaction which
releases iodine

IOé + 5I" + 6H* — 31 + 3H,0 (8)

C denotes the potential amount of iodine I, contained in
the mixture IO% + 5I", namely 3Iy, therefore, reaction (8)
can be written

[I2,p0t,012" + 2H* = I, + Hy0 )
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and the stoichiometric coefficient is v=2. The weak acid
AH is selected in such a way that iodine is produced
quantitatively according to reaction (8) and the pH remains
in a range where the reverse reaction of I dismutation into

IO; and I" is slow. The amount of I produced is easily
determined by absorption spectrophotometry in the form
of I; at 353 nm. Reaction (7) is a neutralization and may

be considered as quasi-instantaneous. Reaction (8) is very
fast, and known in the literature as the "Dushman
reaction” [13]. Its kinetics is not totally elucidated yet,
especially under the conditions of composition and ionic
strength used in this study. It has been assumed that

r2 = ka C4CZ, where C is the "potential” I but this

expression is probably too simplistic and rp should be
measured by appropriate methods for a quantitative
interpretation of the data presented below aiming at the
determination of tp,.

Experiments were carried out in a standard stirred tank
of V =1 dm3 fitted with four baffles and a six bladed
Rushton turbine. The reactor was initially filled with
880 cm3 of a solution of A and C. After a homoge-
neization period of 5 minutes, a small amount of B
(1 cm3 in the case of concentrated acid) was slowly
injected into the tank at various positions 1 cm far from
the wall between two baffles. It was checked that the
injection time (here about 35 s) had no influence on
results, proving that only micromixing phenomena were
concerned. After completion of the reaction, S = Ip was
measured by absorption spectrophotometry and Xg was
calculated. The determination of S must be carried out as
quickly as possible in order to prevent the reverse
dismutation reaction to occur, to a significant extent. The
segregation index was measured for several values of the
stirring speed N ranging between 2 and 50 s-1. This
corresponds to agitation Reynolds numbers comprised
between 2700 and 67000.

The set of stoichiometric ratios used were

(@) (b) (©) d e dO]E
P [2.225x1092.225x10-2[3.4x10-4 0.11250.70[1.41]2.83
Q | 1.75x10-3| 1.75x10-2 J4.5x10-3]2.25x10-2]0.87] 1.75] 3.50

8o 4000*

* in mol.m-3

4000" | 2000* | 400" |80* [40*|20*

The positions of injection in the tank along a vertical
line at 1 cm from the wall between two baffles were <1> :
3 cm beneath the surface, <2> : in the turbine discharge,
<3>: 3 cm above the bottom.

_ Experiments were carried out at room temperature.
Figure 3, 4 and 5 shows typical results plotted as
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o = (1-Xs)/Xs against N, together with previous results
obtained with a standard diazo-system of consecutive
reactions [14]. (A, initially in the tank, Vo = 750 cm3 of

1-naphtol solution at CA0 = 1.39 mol.m"3 and pH=10.0.
B, added slowly (15 cm3.min-1), Vo = 75 cm3 of diazo-
tised sulfanilic acid solution at CBo =13.21 mol.m3).

DISCUSSION

From the inspection of experimental results, several
points can be made. The method yields significant values

of o, which are comparable to those obtained by the

consecutive system. The variations of o as a function of
stirring speed, position of the injection point, and
concentration of reactants are in agreement with qualitative
predictions. In particular, o increases with N, and it is
larger in the discharge flow of the turbine than close to the

surface. However the rate of increase of o with increasing
stirring speed is obviously smaller than with the
consecutive reaction system, when the stoichiometric

ratios P = CAo/CBo and Q = Céo/CBo are small. Under

such conditions, it is possible to explore smaller
micromixing times.

For the consecutive system (Figure 3), one obtains
approximately straight lines of slope 1.5. This can be
explained as in the case of consecutive reactions and under
the experimental conditions used, the linear relationship
between o and B holds [Z]. B varies as the reciprocal of
the mixing time tm which in turn may be assumed to

depend on the square root of the power dissipation €. This
is true for the Incorporation Model where tm, o (v/e)1/2
and for the diffusion model where § is the Kolmogorov
microscale 8 o< (v3/€)1/4 and tp o 82/D. Finally, as

g N3, a < B, then o o« N1-5 and this is the
dependency which is observed with the diazo-system.

The experiments with the system of parallel reactions
were performed in a broad concentration range. When the
acid B was much more concentrated than A and C,
parameters P and Q were small. Under these conditions,

the simulation predicts that o o BM with n = 0.3.

Therefore, one should find o o< N310/2 with 3n/2 = 0.45.
This slope is indicated in Figure 4 in fair agreement with
the general slope of experimental curves. In addition, the

mixedness ratio o increases from injection point <1> to
point <3> and <2>, which is reasonable from expected
distribution of power dissipation within the tank.
Conversely, when larger values of P and Q are used, the
slope increases and comes closer to 1.5, in agreement



