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Abstract

The mixing at a molecular scale (micromixing) plays an important role on selectivity, yield and quality of final products of a large range of
competing fast chemical reactions. In this study, we have compared, by the use of iodide–iodate reaction tests, the micromixing in two reactors,
the first one is the standard batch stirred reactor and the second is the torus reactor. Various conditions of agitation and feed locations were used
for this study. A comparative analysis of the micromixedness ratio (α) in the two reactors was carried out on the basis of the local rate of specific

energy dissipation.
© 2008 Elsevier B.V. All rights reserved.
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. Introduction

Agitation is the mean by which the mixing of several miscible
r not miscible phases can be achieved, and by which mass
nd heat transfer can be enhanced between phases or with the
xternal surface wall of the reactor.

The study of the effect of mixing on the chemical or biological
eactions is a very active field of research since the pioneer works
f Danckwerts [1] and Zweitering [2]. Since, many experimen-
al works and numerical computer codes have been developed,
llowing to describe the mixing and the micromixing in the
eactors.

The mixing process of the reactional fluid is naturally char-
cterised by three scales, namely macromixing corresponding at
he reactor or process scales, micromixing describes the mixing
t a microscopic scale and mesomixing at the impeller scale. In
any practical cases, a strong nonlinear coupling exists between
eaction and transport phenomena at micro- and mesoscales and
he reactor performance at the macroscale. A significant limita-
ion of the phenomena of transport at a molecular scale can have
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n influence on the behaviour of the process and consequently on
he reactor performance. Thus, the micromixing may influence
electivity, yield and quality of final products in many indus-
rial processes, such as precipitation pharmaceutical products,
olymerization, crystallization, consecutive reactions, parallel
eactions, combustion, enzymatic catalytic reactions, etc. A slow
ixing can delay desired reactions and promote undesired side

eactions. For example, in the addition of an acid or base to a
olution of an organic substrate, a slow mixing limits the neu-
ralization reaction, which will allow the organic substrate to
eact with acid or base [3].

In the last decades, a lot of works has been done on micromix-
ng, developing experimental methods to characterise it. Iris
t al. [4] studied in semi-batch stirred reactors, the effect of
he mixing on the quality product of a parallel reaction. They
stablished a model predicting the product distribution of a com-
etitive reaction for different hydrodynamic parameter. Aslund
t al. [5] studied in a stirred tank reactor the effect of the agita-
ion conditions and geometrical characteristics of the impeller
n the reaction of precipitation of the benzoic acid. They noted

hat the size of the crystallized particles depends strongly on
he intensity of agitation. Fang et al. [6] estimated qualitatively
he segregation index in a continuous stirred tank reactor on the
asis of parallel competing reaction, iodide–iodate. Although
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Nomenclature

d impeller diameter (mm)
D stirred batch reactor diameter (mm)
DO optical density
Dt inner diameter of torus reactor (mm)
H liquid height in stirred batch reactor (mm)
L optical path length (mm)
LDV laser Doppler velocimetry
Lt total mean length of the torus reactor (mm)
N stirring speed (rpm)
NP power number
Pi feed location (i)
PIV particle image velocimetry
PVC poly-vinyl chloride
r radial coordinates of feed location in stirred batch

reactor (mm)
R radius of the torus reactor (mm)
V reaction volume (l)
Xs segregation index
Y ratio of sulphuric acid mole number consumed by

reaction (2) divided by the total acid mole number
injected

YST value of Y in total segregation case
z axial coordinates of feed location in stirred batch

reactor (mm)
Zt axial coordinate of feed location in the torus reac-

tor by report the impeller (mm)

Greek letters
α micromixedness ratio
ε̄ mean rate of specific energy dissipation (W/kg)
ε local rate of specific energy dissipation (W/kg)
εm molar extinction coefficient (m2/mol)
φ proportionality constant
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ing and the flow were achieved by a marine screw impeller,
driven by a variable speed motor (Heidolph RZR 2021).
The geometrical characteristics of both reactors are given in
Tables 1 and 2.
he feed rate in the reactor remained very low compared to the
ate of recirculation, they noted that the mixing at a molecular
cale (micromixing) is affected by the feed rate.

Several reactive mixing models were established, among
hem the coalescence–redispersion model [7], interaction by
xchange with mean model [8], engulfment deformation–
iffusion model [9], the engulfment model [10] and the two
nd three environment models [11,12]. Many works relating to
odelling were undertaken, particularly by Baldyga and Bourne

13], Fournier [14], Guichardon [15] and Assirelli et al. [16] in
rder to estimate the various characteristics of the micromixing,
uch as, time of micromixing and local specific energy dissi-
ation rate. On the other hand, other experimental techniques,
ike laser Doppler velocimetry (LDV) [17,18] and particle image
elocimetry (PIV) [19], have significantly improved the deter-

ination values of local specific energy dissipation rate (ε), from
hich, local micromixing time (tm) was determinate by using

he Kolmogorov’s theory.
ng Journal 142 (2008) 78–86 79

Until now, the importance and the impact of this phenomenon
t a molecular scale on the selectivity, the yield and the quality
f the chemical or biological synthesis products attracted a very
reat number of researchers. Many types of reactors such as,
tirred tank reactor [20,21], impinging jets reactor [22], static
ixer [23,24], rotating packed bed [25,26], tubular reactor [27]

nd Couette flow reactor [28] have been studied at a micromix-
ng point of view. On the other hand, many experimental data
btained with test reaction showed that physical parameters,
uch as feed location and impeller speed have an effect on the
istribution of reaction product.

The aim of this study is firstly to characterise the micromix-
ng efficiency in the torus and the batch stirred reactors by the
se of reaction test, and secondly to compare the micromixing
fficiency in both reactors on the basis of the local rate of specific
nergy dissipation.

. Experimental

.1. Description of the experimental device

The experiments were carried out in two reactors with dif-
erent configurations. The first one is a stirred tank reactor
f 1.87 l nominal volume, equipped with a standard Rush-
on turbine and four baffles placed at 90◦ intervals (Fig. 1).
he second one is a torus reactor, similar at those used by
elleville et al. [29] and Nouri [30], constructed from four
oly-vinyl chloride (PVC) beds of inner diameter (Dt) of
5 mm. The total mean length of the torus reactor is 884 mm,
hich corresponds to a volume of 2.1 l (Fig. 2). The mix-
Fig. 1. Schematic of the batch stirred reactor used in this work.
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Table 1
Geometrical characteristics of the batch stirred reactor and the impeller

V (l) D (mm) d (mm) H (mm) Coordinates of feed location in the batch stirred reactor by report the impeller

P1 P2 P3

z (mm) r (mm) z (mm) r (mm) z (mm) r (mm)

1.87 133.5 64 133.5 32 47 0 47 −7 47

Table 2
Geometrical characteristics of the torus reactor and the impeller

d (mm) V (l) R (mm) Dt (mm) Lt (mm) Coordinates of feed location in the torus reactor by report the impeller plane (Zt)
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.2. Experimental method

.2.1. The test reaction
There are several chemical methods used to determine

icromixing of a fluid stream into a bulk mixture. The choice
f a good test reaction should fulfill several conditions: simple
eaction schemes in order to avoid analysis of many products;
asy analysis of reaction products; known reaction kinetics,
aster reaction rate than mixing rate; and good sensitivity and
eproducibility [31].

Many authors have proposed consecutive and parallel com-
eting reactions whereby the state of micromixing in the reactors
an be characterised. Among the several chemical reactions tests
roposed in the literature to characterise the micromixing, we
ave selected the well-known iodide–iodate method, proposed
nd developed by Villermaux et al. [31,32]. On the other hand,
he iodide–iodate test offers the advantages of being cheap and
asy to handle [33].
The chemical method adopted is based on competitive par-
llel reactions system. This reaction scheme consists in the

Fig. 2. Schematic of the torus reactor used in used in this work.
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ollowing three chemical reactions:

2BO3
− + H+ � H3BO3 quasi-instantaneous (1)

I− + IO3
− + 6H+ � 3I2 + 3H2O veryfast (2)

2 + I− � I3
− (3)

he neutralization reaction (1) is quasi-instantaneous, and redox
eaction (2) (called Dushman reaction) is very fast, in the same
ange of the micromixing process.

For perfect micromixing conditions, the injected H+ ions
ere instantaneously consumed by reaction (1) and reactions

2) and (3) may not occur. On the contrary, in imperfect mixing
onditions, the injected H+ ions were consumed competitively
y reactions (1) and (2), and the iodine (I2) formed can fur-
her react with iodide ions (I−) to yield tri-iodide ions (I3

−)
ccording to the quasi-instantaneous equilibrium reaction (3).
he amount of (I3

−) produced, depends on the micromixing effi-
iency and allows quantifying the segregation intensity through
segregation index Xs.

.2.2. The procedure for preparation of solution
Initially, the boric acid solution (H3BO3) was added to

odium hydroxide solution (NaOH) to obtain an equimolecu-
ar buffer solution mixture H2BO−

3/H3BO3 (pH 9.14). Then,
he concentrated solutions of potassium iodate and potassium

odide were introduced into the bulk and completed with water.
he reactant concentrations used were chosen according to
uichardon and Falk [32] works and are summarised in Table 3.

able 3
eactant concentrations used

eactants Concentrations (M)

aOH 0.0909

3BO3 0.1818
IO3 2.33 × 10−3

I 1.17 × 10−2
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.2.3. Experimental procedure
Two procedures can be applied to characterise micromixing

n a reactor. The first procedure is based on the single injection,
sing a peristaltic pump, via a feed pipe of a small quantity
bout 1/1000 of the reaction volume of sulphuric acid (4 M) in
he bulk containing iodide, iodate and borate ions. The flow rate
f the sulphuric acid solution was determined by a preliminary
tudy. Ten minutes after the end of acid injection, a sample of
he solution was taken from the reactor, and the concentration of
3
− ions was easily measured by spectrophotometry at 353 nm,

uch as

I3
−] = DO

εm · L
(4)

here L is the optical path length, equal to 1 cm, DO is the
ptical density, εm is the molar extinction coefficient of I3

− ions
t 353 nm, equal to 2395.9 m2/mol [34].

The second procedure is quasi similar to the previous one, but
y using successive acid injections to characterise micromixing
one measure per each injection). Each injection corresponded
o a small quantity of about 2/1000 of the reaction volume of
ulphuric acid (1 M). This procedure developed by Guichardon
nd Falk [32] presents the advantage of micromixing charac-
erisation for large vessels by reducing preparation time and
xperiments cost. In this study, we have adopted both procedures
o compare them.

.2.4. Determination of the segregation index XS

The segregation index, Xs, is defined to quantify the
icromixing quality, as the relative amount of sulphuric acid,
hich is consumed to yield iodine [31]. For the procedure cor-

esponding to the simple injection, Xs is defined by

s = Y

YST
(5)

here Y is the ratio of sulphuric acid mole number consumed
y reaction (2) divided by the total acid mole number injected,
ST is the value of Y in total segregation case. Xs values vary
etween 0 and 1, such as Xs = 0, perfect micromixing; Xs = 1,
otal segregation; 0 < Xs < 1, partial segregation, where

= 2(nI2 + nI3
− )

nHO
+

= 2Vreactor([I2] + [I3
−])

Vinjection[H+]O
(6)

ST = 6[IO3
−]O

6[IO3
−]O + [H2BO3

−]O
(7)

The concentration of I2 used in the Eq. (6) is obtained from
q. (10), by combining equations of the mass balance on iodine

ons yield (Eq. (8)) and the equilibrium constant KB of reaction
3) (Eq. (9)).

− − 5 − −
I ] = [I ]O = −
3

([I2] + [I3 ]) − [I3 ] (8)

B = [I3
−]

[I2][I−]
(9) i

n

ng Journal 142 (2008) 78–86 81

5

3
[I2]2 +

(
[I−]O − 8

3
[I3

−]

)
[I2] − [I3

−]

KB
= 0 (10)

here KB is the equilibrium constant of reaction (3), given by
he following equation

og10 KB = 555

T
+ 7.355 − 2.575 log10 T (11)

or the procedure corresponding to successive injections, Xsi
or each injection is defined by

si = Yi

YST,i

(12)

The index i corresponding to the ith injection with

i = 2(nI2,i + nI3
−,i)

nHO
+

=

2Vreactor,i([I2]i + [I3
−]i

−[I2]i−1 − [I3
−]i−1)

Vinjection[H+]O
(13)

nd

ST,i = 6[IO3
−]O,i

6[IO3
−]O,i + [

H2BO3
−]

O,i

(14)

here

I3
−]i = DOi

εm.L
(15)

nd

reactor,i = Vreactor,O + (i − 1) · Vinjection − (i − 1) · Vsample(16)

[I2]i is the solution of the second order equation:

5

3
[I2]2

i +
(

[I−]O,i − 8

3
[I−3 ]

i

)
[I2]i − [I3

−]i
KB

= 0 (17)

The initial concentrations of reactants before each injection
ust be updated:

I−]O,i =

(Vreactor,i−1[I−]O,i−1) − 5
3 (nI2,i−1 + nI3,i−1

− )

−nI3,i−1
−

Vreactor,i−1
(18)

IO3
−]O,i = (Vreactor,i−1[IO3

−]O,i−1) − (nI2,i−1 + nI3,i−1
− )

Vreactor,i−1
(19)

H2BO3
−]O,i =

(Vreactor,i−1[H2BO3
−]O,i−1)

− 1
3 (nHO

+ − 2(nI2,i−1 + nI3,i−1
− ))

Vreactor,i−1
(20)
Another parameter often used to characterise the micromix-
ng efficiency is the micromixedness ratio (α). The micromixed-
ess ratio can be defined as the fraction of perfectly micromixed
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olume divided by the fraction of volume remaining segregated
31,35].

= 1 − Xs

Xs
(21)

. Results and discussion

.1. Influence of injection time

Before characterising the effect of different parameters, such
s stirring speed, and feed location, it has been necessary to quan-
ify the feed time. The injection rate of sulphuric acid should
e smaller than the macromixing time scale. For fast sulphuric
cid injection conditions, the plume is not well dispersed in
he reactor and the results reflect both macro- and mesomix-
ng effects. On the contrary, when injection rate of acid is low,

acro- and mesomixing effects are eliminated and the results
btained reflect only micromixing effect [36].

Experimentally, the determination of the critical injection
ime must be done under worst mixing conditions, at a loca-
ion far from the impeller and at the lowest stirring speed. In
oth reactors, four feed times were used for acid injection in
eed location P1 (Figs. 1 and 2) and the stirring speed was fixed
t 200 rpm, what corresponds to turbulent flow. The results are
hown in Fig. 3.

We can see that the segregation index becomes constant for
feed time larger than 140 s for both reactors. These results

re in good agreement with those obtained by several authors
n stirred batch reactors [14,15,16,22]. For this study, we have

xed the feed time in both reactors higher than this critical feed

ime, which corresponds to flow rates of about 1 ml/min in the
wo procedures of injection.

ig. 3. Effect of feed time on the segregation index in stirred batch and torus
eactors.
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ig. 4. Comparison of Xs values for successive injections in the torus reactor at
eed location P3.

.2. Method test of successive injections

The experimental procedure of successive injections has been
ested in torus rector at feed location P3, for different stirring
peeds. For a injection rate of 1 ml/min of sulphuric acid, Fig. 4
hows that, for four successive injections, the segregation index,
s, is practically constant for the same stirring speed. The results
onfirm the effectiveness of the successive injection procedure
eveloped by Guichardon and Falk [32] and confirmed, lately,
y Assirelli et al. [37].

.3. Influence of feed location and stirring speed

In batch stirred and torus reactors, three different feed loca-
ions (P1, P2, and P3) were studied. The stirring speed was
aried within the range from 100 to 1000 rpm and 100 to
300 rpm, respectively, in the batch stirred and torus reactors.
igs. 1 and 2 show the feed location in the stirred and torus reac-

ors, and the coordinates of these localisations were assembled
n Tables 1 and 2.

The effect of stirring speed N on segregation index Xs is
hown in Figs. 5 and 6. Firstly, it can be noticed that, for a
iven feed location, the segregation index decreases similarly in
oth reactors when the stirring speed increases, and therefore,
ith increasing mean energy dissipation rate. These results are

n good agreement with those cited in the literature, because
n increase in stirring speed causes a better micromixing and
herefore less selectivity of Dushman reaction (2). On the other
and, the comparison of the evolution of segregation index in
oth reactors has no practical meaning, because the geometrical
haracteristics of the two reactors are completely different. The
omparison will be carried out later in this paper, using a more

elevant criterion.

Secondly, from the same Figs. 5 and 6, we notice that the feed
ocation has an influence on the segregation index. For a given
tirring speed, the segregation index decreases similarly in both
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Values of φ corresponding to the three feed locations in the stirred batch reactor

Positions φ

P1 0.5
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ig. 5. Effect of stirring speed and feed location on the segregation index in the
atch stirred reactor.

eactors when going from a far location to the near location with
espect to the impeller, i.e. from locations of low to high local
nergy dissipation rates, as indicated by LDV studies [38]. To
ompare the effect of the feed location in torus and stirred batch
eactors, it is important to consider the local value of energy
issipation rates in the feed location.

.4. Comparison of the micromixing efficiency
The local energy dissipation rates can be obtained from the
icromixing times by using a simple incorporation model [39]

nd the turbulence theory of Kolmogorov. In the turbulent flow,
he local energy dissipation rates (ε) is proportional to the aver-

ig. 6. Effect of stirring speed and feed location on the segregation index in the
orus reactor.
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ge energy dissipation rates (ε̄) [36], such as

= φ · ε̄ (22)

here φ is the proportionality constant, which depends on the
osition and on the geometry of the reactor.

The mean energy dissipation rate per unit mass is given by
he following equation:

¯ = NP · N3 · d5

V
(23)

here d is the impeller diameter, N is the stirring speed, NP is
he power number and V is the reaction volume.

In this study, two procedures were used to evaluate the pro-
ortionality constant φ for both reactors. In the stirred batch
eactor, the values of φ can be obtained from the literature.
or the three feed locations, we have chosen those given by
uichardon [15]. These values (Table 4) were considered to be

atisfactory because the micromixing times obtained from these
alues present a good adequation with the results obtained by
he incorporation model [15]. For the six bladed Rushton disc
urbine the power number is Np = 5.5 at turbulent flow.

In the case of the torus reactor, the geometry is different
nd the device of agitation is a marine screw impeller, with
p = 0.37 in turbulent flow. However, another method, based
n a numerical computer code, was used in order to calculate
he energy dissipation.

.4.1. Numerical simulation
The distribution of the local energy dissipation rates (ε) in 1 l

orus reactor, equipped with marine screw impeller of 36 mm,
as carried out with numerical simulation using the commer-

ial code Fluent (Fluent Inc.). This approach has been carried
ut by Pruvost et al. [40], for the simulation of same torus geom-
try, using FLUENT software (Fluent Inc.). The first step in the
umerical simulation is to create the reactor geometry and to
esh it. The torus shape was three-dimensionally meshed using

he Gambit Software (Fluent Inc.) (Fig. 7).
Because of the complex geometry of the marine screw

mpeller, it is difficult to apply for the entire geometry of the
orus reactor a regular mesh. So, the reactor was divided in two
istinct zones. The first zone, in the marine screw impeller vicin-
ty has been meshed using tetrahedral volumes and prisms. In
he second zone, a regular mesh with elementary hexahedral vol-
mes has been used. The grid discretisation in this regular part
s uniform, whereas cell density is gradually increased when

oming closer to the impeller.

To mesh the region near the marine screw impeller, a refine-
ent function (named “size function” in Fluent) is applied to

ontrol the cells density in boundary layers. This function deter-
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Values of φ corresponding to the three feed locations in the torus reactor

Positions φ
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Fig. 7. Mesh topology of the torus reactor.

ines the size of the first near-wall elementary volume and the
iscretisation step. The resulting grid is composed of 738,896
ells.

The motion of the marine screw impeller was modelled using
he multiple reference frames (MRF) resolution, described by
rucato et al. [41] in baffled stirred vessel and utilized by Pruvost
t al. [40] in torus geometry.

The flow field was obtained using the k–ω turbulence model
42]. This model was found to give, in the case of torus shape
eactor, good results for torus geometry by using the commer-
ial code FLUENT simulation [40,43]. Boundary layers were
eshed using a standard wall-function approach, as in Pruvost

t al. [43], with an appropriate meshing in the wall region.
The numerical investigation was devoted to characterise the

istribution of the values of φ, obtained from the local energy

issipation rates (ε) by Eqs. (22) and (23), against the local
osition (Zt/Lt) in the reactor (Fig. 8). From this same Fig. 8, we
ave determined the average values of φ corresponding to the
arious feed locations P1, P2, and P3 used in the torus reactor.

Fig. 8. Distribution of the average values of φ, in the torus reactor.

t
i
c
t

F
n

1 0.12
2 0.22
3 0.35

he results are reported in Table 5. Finally, The local energy
issipation rates, ε, were calculated for different feed locations
1, P2, and P3 using the Eq. (22).

For both reactors and the three feed locations, the
icromixedness ratio (α) calculated from Eq. (21) is plotted

gainst local energy dissipation rates, ε (Fig. 9). It can be seen
rom this figure that, for the torus and the stirred batch reactors
he micromixedness ratio is function of local energy dissipation
ate and independent on the feed location. These functions are
iven by the following correlations:

= 5.1ε0.236 torus reactor (25)

= 2.25ε0.183 stirred batch reactor (26)

In the present work, the performance comparison is made by
sing the micromixing efficiency in both reactors. We note that,
or the same value of the local energy dissipation rate, the effec-
iveness ratio is largely higher in the torus than the stirred batch
eactor. This confirms the results obtained by Laederach et al.
44] where they compared the performance of the torus and the
tirred batch reactor on the basis of the average energy dissipa-
ion. In stirred batch reactors of different volumes, Fournier et
l. [31], Falk and Villermaux [45] have found that α is propor-
ional to ε0.15. Then, we note that the exponent corresponding

o the different correlations, obtained in batch stirred reactors
s approximately constant. However, we can deduce, from these
orrelations, that the local energy dissipation rate seems not only
o be a good criterion for scale-up of micromixing efficiency in

ig. 9. Effect of the local rate of specific energy dissipation on the micromixed-
ess ratio (α).
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he reactors [31,45], but also, a criterion for the comparison of
icromixing efficiency, independently of feed location, in dif-

erent geometries of reactors. Rousseaux et al. [46] and Chu et
l. [47] have characterised the micromixing efficiency, respec-
ively, in novel sliding-surface mixing device and a rotor–stator
eactor. The local energy dissipation rate was correlated in both
evices respectively by α = 3.3ε0.2 and α = 0.0794ε0.498. It can be
oticed from Fig. 8 that, for a same value of ε, the micromixed-
ess ratio in the torus reactor remains largely higher than in the
liding-surface mixing device and the rotor–stator reactor.

. Conclusion

The micromixing efficiency in a torus reactor has been com-
ared with the one of batch stirred reactor. The test reaction
ystem, iodite–iodate, carried out to characterise the effective-
ess (α) seems to be reliable and very easy to use. The successive
njections procedure is practical, giving reproducible results and
s an efficient way of studying micromixing in large volume
eactors.

The results obtained for three feed locations in the torus
eactor, by using the marine screw impeller, present the same
volution than those obtained in the stirred batch reactor, by
sing Rushton turbine, i.e. the micromixing efficiency depends
f the feed location and stirring speed conditions, and therefore
f the mean energy dissipation rate.

The comparison of performance in both reactors, on the basis
f local energy dissipation rate (ε), allowed to establish a correla-
ion between effectiveness ration (α) and ε. The results obtained
how that α ∝ ε0.236 and α ∝ ε0.183, respectively, in torus and
tirred batch reactor. For a given local energy dissipation rate
ε), we note that the micromixing efficiency in the torus reactor
s better than in stirred batch. The comparison of effectiveness
ation (α) with other mixing devices shows that the torus reactor
s characterised by a high micromixing efficiency.
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