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Abstract

To carry out controlled precipitation on a practical scale, the use of a two impinging jets mixer is explored in terms of its ability to deliver

rapid micromixing. A system of parallel competing reactions developed by Villermaux and co-workers is used to characterise the

micromixing level in the device as a function of feed ¯ow rate and of its position in the reactor. The characteristic time for micromixing

decreases with the feed ¯ow rate and reaches values as small as 4 ms. Powers dissipated in the device are deduced from the experiments

using a simple micromixing model and correlate well with those calculated using computational ¯uid dynamics (Phoenics). Finally, the

energy dissipation rate in impinging jets is compared with the local energy dissipation rate of the impeller. Some rules of thumb for scale up

are given. # 1999 Elsevier Science S.A. All rights reserved.

1. Introduction

Sparingly soluble systems are often produced by a pre-

cipitation process. In industrial practice, precipitation typi-

cally consists in mixing of two liquid streams, to create

supersaturation, which then induces nucleation and particle

growth. The precipitation processes are frequently followed

by solid±liquid separation processes, to obtain a dry product.

Most of the time, the ®nal product has to ful®l speci®c

qualities as crystal size, morphology, composition or purity.

When the time scale of the precipitation kinetics is much

longer than the time scale of mixing, the mixing processes of

the two liquid streams are terminated prior to the reaction. In

this case, the ®nal product characteristics mainly depend on

physico-chemical parameters, but not on mixing conditions.

However, precipitation processes are often controlled by the

mixing process: indeed, when precipitation kinetics are

faster or of the same order of the mixing process, nucleation

begins before an homogeneous supersaturation level is

achieved in the reactor. The inhomogeneous ®eld of super-

saturation causes then different driving forces for nucleation

and particle growth, which then drastically affects the ®nal

product properties.

The role of macro- and micromixing in precipitation has

been identi®ed by several researchers. Various mixing

models [1±3] have been proposed and computed for con-

tinuous and semi-batch stirred tank precipitators. Design

factors, such as feed addition mode, feed rate, feed location,

feed concentration, stirring speed, and stirrer type have been

shown to affect the resulting average particle size [4±6]. It

becomes quite clear, from these studies, that the localised

supersaturation level in stirred tank precipitators is one of

the most important factor that controls the ®nal Particle Size

Distribution (PSD) by in¯uencing the nucleation and growth

rates of particles.

Therefore, to minimise mixing effects, we have developed

a new mixing device driving to very short contact and

micromixing times. Among several methods leading to a

reduction of mixing time, we have chosen to use a system

that reduces the initial contact scale between the reactants

and that dissipates power in a volume smaller than that of the

whole reactor. Two impinging jets mixer is one of such a

technique, in which two liquid streams in a form of narrow,

coaxial and high velocity jets impinge each other inside a

small volume.

The various utilizations of impinging jets have been

reported by Tamir and Kitron [7]. Impinging jets were, until

now, mainly used to increase the contact areas between two

¯uids (to improve heat or mass transfer in gas±liquid±solid

applications), or to produce a spray of fuel droplets that can

be combusted easily.

The use of impinging jets in the ®elds of precipitation or

crystallisation is relatively recent. To our knowledge, Midler
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et al. [8] in 1989 were ®rst to apply impinging jets to the

precipitation of pharmaceutical products. They show that

impinging jets achieve good micromixing and uniform

supersaturation level in the reactor which leads to a highly

reproducible ®nal product. Liu et al. [9] used the same

system for the production of steroids. They came to the same

conclusions, and estimated micromixing times achieved by

impinging jets from the calculation of locally dissipated

energies. Finally, Mahajan and Kirwan [10] applied imping-

ing jets to the precipitation of Lovastatin, and used the two-

steps Bourne [11] reaction scheme to characterise micro-

mixing in the impinging jets. In impact conditions of the two

jets, they show that the distance between the tube outlets had

little in¯uence on the product characteristics and that micro-

mixing affected the PSD of the precipitated product only

when the micromixing time was comparable to or larger

than the nucleation induction time.

The aim of this study is to characterise the mixing

intensity induced by the impinging jets, and more precisely,

to quantify the local energy dissipation rates in the device, at

the impingement point (see Fig. 1), for different jets loca-

tion in the reactor and for different total feed ¯ow rates.

Furthermore, some designing rules will be proposed.

2. Impinging jets

An impinging jets mixer was used in the present study and

is shown in Fig. 1. Two small diameter (1 mm diameter),

high velocity jets, brought into alignment with each other,

impinge head-on. The mixing device was systematically

operated in a submerged mode in a 10 l capacity stirred tank

reactor, designed according to Holland and Chapman [16].

The reactor was equipped with four baf¯es placed at 908
intervals and a six bladed Rushton turbine. Impinging jets

plane is tangentially located to the stirrer, at 46 mm of the

wall, as can be seen in Fig. 2. The jet device is adjustable in

height and in azimuthal orientation. The distance between

the two feeding inlet has been maintained constant and

equal to 10 mm for all experiments. Jets feeds are supplied

by two peristaltic pumps, at identical ¯ow rates, in the range

from 0 to 5 � 10ÿ3 l sÿ1.

Different positions of impinging jets have been tested: in

the discharge stream of the impeller (position 0), in the

plane above (position 1) or in the plane below (position 2).

These three injection points are presented in Fig. 3. The

tank reactor was operated in semi-batch mode. The vessel

was initially ®lled up to 67% of its capacity and fed at

identical ¯ow rates by impinging jets up to H � T.

Impinging jets achieve macro- and micromixing between

the two inlet ¯uids. The macromixing, characterising the

contact ef®ciency between the two streams, will not be

quanti®ed in this paper. The purpose of this study is to apply

a chemical reaction method, developed by Villermaux and

co-workers [12,13] to measure the micromixing level

induced by impinging jets. Micromixing times and local

energy dissipation rates will then be deduced from the

experiments, using a micromixing model, i.e. the incorpora-

tion model [20].

3. The chemical test reaction

3.1. Principle

The characterisation method of micromixing is based on

the competition of two chemical reactions. The ®rst one

is an instantaneous acid±base neutralisation, whereas the

Fig. 1. Impinging jets.

Fig. 2. Impinging jets locations ± Tank reactor seen from the top.
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second one is an oxidation reaction, which rate is only fast,

but on the same order of magnitude as that of the micro-

mixing process.

H2BOÿ3 � H� ! H3BO3 (i)

5Iÿ � IOÿ3 � 6H� $ 3I2 � 3H2O (ii)

The formed iodine further reacts instantaneously with

iodide according to the reaction (iii) to form triiodide, whose

concentration is easily measured by spectrophotometry.

I2 � Iÿ $ Iÿ3 (iii)

This last reaction is characterised by an equilibrium

constant [14]

K � CIÿ3
CI2

CIÿ
(1)

The test consists in adding sulphuric acid to an excess of

iodide, iodate and borate. Under perfect micromixing con-

ditions, acid is totally and instantaneously consumed by the

neutralization reaction (i), which is in®nitely faster than

reaction (ii), as it is in stoichiometric defect with respect to

borate ions. In this conditions, no iodine is formed. On the

contrary, when the characteristic dissipation time of acid

aggregates (micromixing time tm) is of the same order or

larger than the characteristic reaction time (tr) of the redox

reaction (ii), these aggregates involve a local excess of acid

which, after complete consumption of borate ions, can react

with surrounding iodide and iodate ions to yield iodine.

The selectivity in iodine formation is therefore a measure

of the segregation state of the ¯uid, which can be char-

acterised by a segregation index Xs.

3.2. Determination of the segregation index

The segregation index is de®ned as the relative amount of

acid which is consumed to yield iodine [23].

Let us ®rst consider reactions (i) and (ii). Starting from a

mixture containing, n0
H2BOÿ

3
, n0

Iÿ (in excess) and n0
IOÿ

3
moles

of borate, iodide and iodate ions, a small amount n0
H� of

sulphuric acid is added to that mixture. After total con-

sumption of acid, the yield of the second reaction under

imperfect mixing conditions is

Y � 2
nI2

n0
H�

(2)

where nI2
is the amount of iodine formed by the oxidation

reaction (ii).

If mixing is much faster than reaction (ii), acid is con-

sumed only by the instantaneous reaction (i), and nI2
� 0. In

this case

YPM � 0 �PM for Perfect Mixing conditions� (3)

Conversely, if mixing process is in®nitely slow, both

reactions (i) and (ii) may be considered as instantaneous

with respect to H�. The selectivity between (i) and (ii) is

controlled only by the ratio of the concentrations of H2BO3
ÿ

and IO3
ÿ, which react quasi-instantaneously with H�. Tak-

ing into account the stoichiometry, this selectivity is written

X2

X1

�
6n0

IOÿ
3

n0
H2BOÿ

3

(4)

where X1 and X2 are the respective extents of reaction (i) and

(ii).

The yield of the second reaction can then be written

as

YTS � X2

X1 � X2

�
6n0

IOÿ
3

6n0
IOÿ

3
� n0

H2BOÿ
3

�TS for Total Segregation conditions:� (5)

According to the de®nition given above, the segregation

index is

Fig. 3. Impinging jets locations ± Front view of the tank reactor.
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Xs � Y

YTS

� nI2

n0
H�

2�
n0

H2BOÿ
3

3n0
IOÿ

3

 !
(6)

Actually, taking into account equilibrium (iii), nI2
should

be replaced by �nI2
� nIÿ3 �. By spectrophotometry, the mea-

sured quantity is nIÿ3 but �nI2
� nIÿ3 � can easily be calculated

from the equilibrium constant of reaction (iii).

Finally

Xs �
nI2
� nIÿ3

n0
H�

2�
n0

H2BOÿ
3

3n0
IOÿ

3

 !
(7)

For perfect micromixing, Xs is equal to zero, and in a

totally segregated medium, Xs is equal to one.

A micromixedness ratio � can also be de®ned as the

fraction of perfectly micromixed volume of ¯uid divided by

the fraction of volume of ¯uid remaining segregated

� � 1ÿ Xs

Xs
(8)

The interest of � is that it is closely related to the ratio of

two characteristic times: the chemical reaction time tr of

reaction (ii), and a physical micromixing time tm [15]. For

identical initial concentrations of reactants (tr constant), the

variations of � translate faithfully that of tm. By comparing

the micromixedness ratio values, it is then possible to select

the device with the higher mixing performance.

4. Experimental procedure

The chemical test reaction may be applied in different

ways:

Procedure 1: The reactor is initially ®lled to 67% of its

capacity with the iodide±iodate±borate solution. Impinging

jets are fed at identical ¯ow rates with the same solution that

the one already placed in the reactor. Sulphuric acid is

injected between the two jets at the impingement point with

a syringe needle in order to minimise jets ¯ow perturbations,

as shown in Fig. 4. If no large scale concentration gradients

are present, which will be veri®ed by studying the in¯uence

of acid feed time (see Section 4.2), the mixing is only

controlled by micromixing. This procedure allows the mea-

surement of micromixing times and a quanti®cation of local

energy dissipation rates.

Procedure 2: The acid solution is fed with one jet and

borate solution with the other one in a iodide±iodate ions

medium (Fig. 5). In perfect macro- and micromixing con-

ditions (perfect contact of the two jets) acid reacts with

borate ions, and no iodine is formed. Iodine concentration is

then a measure of the bad contact ef®ciency (macro and

micro levels) of the two jets. Fig. 6 presents a slightly

different procedure, which can also be considered as a

contact characterisation method. In this case, iodine con-

centration is a measure of the quality of macro- and micro-

mixing conditions.

However in procedure 2 it is not possible, from rough

experimental data, to separate the respective effects of

macro- and micromixing. For this purpose a complete

turbulent ¯ow model including micromixing phenomena

has to be used. This paper deals with the results obtained

with procedure 1, for which a simple micromixing model

may be suf®cient for data analysis.

4.1. Operating conditions

The concentrations used in the experiments were

9.09 � 10ÿ2 M for borate ions, 1.17 � 10ÿ2 M for iodide

ions and 2.33 � 10ÿ2 M for iodate ions.

The tank was then ®rst ®lled with 6660 ml of the borate,

iodide and iodate ions solution. Once the required stirring

speed was achieved, the jets were fed, at identical ¯ow rates,

with the borate±iodide±iodate solution of the same initial

composition as in the tank. Then, a small volume (8.5 ml) of

4 M sulphuric acid was slowly injected, at the impingement

point.

Fig. 4. Feeding of the reactants, procedure 1.

Fig. 5. Feeding of the reactants, procedure 2, not tested (acid solution is

fed with one jet and borate solution with the other one in a iodide±iodate

ions medium).

Fig. 6. Feeding of the reactants, procedure 2, not tested (acid±iodate

solution is fed with one jet and iodide solution with the other one in a

borate ions medium).
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After acid injection and consumption, the quantity of

iodine produced during the test was deduced from the

triiodide concentration, measured by spectrophotometry.

The analysis was performed at 353 nm, and the triiodide

concentration was deduced from Beer±Lambert's law

CIÿ3 �
D353

"Iÿ3 d
(9)

The equivalent iodine concentration was determined from

the mass balance on iodine

�CI2
�tot �

D353

"Iÿ3 d
1� 1

KCIÿ

� �
(10)

As the test reaction was performed in large excess of

iodide with respect to H� ions, we may reasonably assume

that the ®nal iodide concentration is nearly equal to the

initial one, CIÿ � C0
Iÿ

The segregation index Xs and the micromixedness ratio �
have been determined from Eqs. (7) and (8).

4.2. Influence of acid feed time

In order to characterise conditions where micromixing is

free from macromixing in¯uence, the acid feed rate must be

as low as possible. Indeed, it is well known [13,17,22] that

the acid feed time (or the acid feed ¯ow rate, since a constant

quantity of acid is injected) has an in¯uence on the segrega-

tion index.

For rapid acid injection conditions, the acid plume is not

well dispersed in the tank and macroscopic concentration

gradients may in¯uence the results, yielding high values of

the segregation index. In the opposite situation, when acid

injection is in®nitely low, macromixing effects are elimi-

nated and the results given by chemical test reactions are

only micromixing relevant. Xs decreases then when the feed

time increases, to reach a constant value. A critical injection

time tc is de®ned as the minimum time beyond which the

segregation index value remains constant. Micromixing

measurements are to be realised with injection times higher

than tc, which has to be determined for each procedure

(reactants concentrations) and for the worst micromixing

operating conditions.

In the worst mixing conditions (stirring speed of 190 rpm,

total feed ¯ow rate of the iodide±iodate±borate solution

varying from 0 to 1 � 10ÿ2 l sÿ1) we checked that the

measured critical injection time tc was less than 150 s.

Therefore, to keep a safety margin, all experiments have

been performed with an acid feed time of 200 s.

5. Results: influence of feed flow rate and feed
location

Various parameters, such as feed time, feed ¯ow rate,

stirring speed or feed location have been studied.

In Fig. 7 are presented the variations of the micromixed-

ness ratio � against the feed ¯ow rate in the impinging jets,

for various stirring speeds. The ¯ow rate indicated here

corresponds to the total feed ¯ow rate equal to two times the

individual jet ¯ow rate. The experimental setup (position of

the impinging jets device) has not been modi®ed for null

¯ow rate conditions.

Besides the fact that the micromixedness ratio increases,

as expected, with the stirring speed, one can observe that �
varies with the feed ¯ow rate. More precisely at constant

stirring speed, at low feed ¯ow rates (Qt < 2 � 10ÿ3 l sÿ1, or

jet velocity smaller than 1 m sÿ1), the impinging jets have

almost no in¯uence on micromixing which is only con-

trolled by the ¯ow generated by the impeller. At intermedi-

ate feed ¯ow rates (2 � 10ÿ3 l sÿ1 < Qt < 5 � 10ÿ3 l sÿ1,

which corresponds to jets velocity between 1 and 3 m

sÿ1), micromixing is induced both by the impeller and

the impinging jets. Finally, at larger feed ¯ow rates

(Qt > 5 � 10ÿ3 l sÿ1, or jets velocity higher than 3 m sÿ1)

the stirring speed has negligible effect showing that micro-

mixing is only controlled by the impinging jets.

When impinging jets are located in position 1 (see Fig. 8)

or position 2 (see Fig. 9) the same tendency is observed.

However, local energy dissipation rates induced by the

impeller are here much lower than in the previous case

and even at low feed ¯ow rate micromixing is principally

Fig. 7. Evolution of the micromixedness ratio with the total feed flow rate (the impinging jets in location 0).
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controlled by the jets. The intermediate domain where the

micromixing is induced both by the impinging jets and by

the impeller is no more observed. This result shows that

even at low feed ¯ow rates, impinging jets are bene®t for

micromixing.

Furthermore, ®nal values of the micromixedness ratio are

almost identical in all cases, whatever the feed position or

the stirring speed may be. One can then verify that the

impinging jets device prevails over the impeller for large

feed ¯ow rates. This can testify to the micromixing ef®-

ciency of the impinging jets device toward the simple

impeller system.

To verify that impinging jets have a local in¯uence and

that they do not disturb the main ¯ow generated by the

impeller in the tank, acid was injected far away from the

impingement point. As presented in Fig. 10, the feed ¯ow

rate has no in¯uence on micromixing ef®ciency, showing

that micromixing is only controlled by the impeller.

Fig. 8. Evolution of the micromixedness ratio with the total feed flow rate (the impinging jets in location 1).

Fig. 9. Evolution of the micromixedness ratio with the total feed flow rate (the impinging jets in location 2).

Fig. 10. Evolution of the micromixedness ratio with the total feed flow rate (the impinging jets in location 0, while the sulfuric acid is injected in position 1).
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It has been shown that impinging jets have a local

in¯uence, and can achieve an increase in micromixing

ef®ciency for large enough feed ¯ow rates.

6. Estimation of the local energy dissipation rates

Local energy dissipation rates are ®rst obtained from

chemical test measurements, using a simple micromixing

model and the turbulence theory. For impinging jets, the

measured local energy dissipation rates are then compared

with those obtained from computed ¯uid dynamics.

6.1. Estimation from chemical test measurements

Using a micromixing model, i.e. the incorporation model,

it is possible to estimate micromixing times in the impinging

jets. Local energy dissipation rates can then be deduced

from the micromixing times, using the turbulence theory.

6.1.1. The incorporation model and the turbulence theory

The incorporation model is derived from earlier works of

Villermaux [18] and Villermaux et al. [19], and is clearly

described by Fournier et al. [20].

The incorporation model supposes that the fresh acid is

divided into aggregates which are progressively invaded by

the surrounding ¯uid, containing iodide, iodate and borate

ions. The reactions (i)±(iii) occur in the growing acid

aggregates, where mixing is supposed to be achieved.

The growing law of the acid aggregates is a function of a

characteristic incorporation time tm, assumed to be the

micromixing time. The volume V of an aggregate grows

according to the incorporation function

V�t� � V0 exp
t

tm

� �
(11)

where V0 is the volume at initial condition.

For each set of experimental conditions it is possible to

calculate the theoretical value of � against the incorporation

time by solving the mass balance equations in the aggre-

gates (see Eqs. (7)±(25) in [20]). By equalizing calculated

and experimental micromixedness ratios, we can then deter-

mine the micromixing time corresponding to the experi-

mental conditions.

According to the Kolmogorov turbulence theory, the

micromixing time is proportional to (�/")1/2, where " is

the local energy dissipation rate, and � the ¯uid kinematic

viscosity. This variation has been quanti®ed by Baldyga and

Bourne [21], who proposed

tm � 17; 24
�

"

� �1=2

(12)

The experimental value of the micromixedness ratio � is

then, through the incorporation model, a function of micro-

mixing time tm and, through relation (12), a function of the

local energy dissipation rate ". For each experimental value

of �, it is then possible to deduce the calculated value of tm,

and from tm the value of ". Fig. 11 illustrates the depen-

dency of " versus � for the set of used concentrations.

Turbulent ¯ow generated by the impeller and the imping-

ing jets both contribute to the global dissipation ". However,

we have seen previously, in Figs. 7±10, that the contribution

of each device may be highly different in magnitude. Let us

estimate their relative contribution.

6.1.2. Local energy dissipation rate of the impeller

Using the method presented above, the local energy

dissipation rates of the impeller (for different locations in

the reactor) are deduced from the experimental values of �
for the experiments performed with no feed ¯ow from the

impinging jets.

These results may be compared with data given by

different authors (see Table 1), who evaluated, in the same

operating conditions (impeller, stirring speed, ¯uid), the

Fig. 11. Local energy dissipation rate as a function of experimental micromixedness ratio for our experimental conditions.

Table 1

Values of �

Reference Injection

point 0

Injection

point 1

Injection

point 2

This work 26 0.8 1

Franke and Mersmann [6] 10 1 1

Yu [22] 7.2 0.53 0.88
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proportionality constant � de®ned by

� � "impeller

�"
(13)

where �" is the average energy dissipation rate

�" � Np
N3D5

V
(14)

The power number Np in our reactor has been experimen-

tally measured, and found equal to 5.5 for stirring speeds

larger than 100 rpm.

The results are presented in Table 1, comparing the

experimental values of � for different feeding positions

with the values reported by different authors.

The difference between our measured values and the

literature data for the injection point 0 is surely derived

from the presence of the impinging jets in the reactor, which

may disturb the ¯uid ¯ow around the device. For the two

other injection points, the measured values are in good

agreements with the reported ones. Subsequently, the mea-

sured values of the local energy dissipation rates of the

impeller will be compared to the local energy dissipation

rates in impinging jets.

6.1.3. Local energy dissipation rates in impinging jets

The local energy dissipation rates of the two mixing

devices (impeller and impinging jets) is experimentally

deduced from the values of �, according to the incorporation

model and relation (12), for different feed ¯ow rates. Indeed,

the micromixedness ratio obtained at the impingement point

depends on the impinging jets, but also on the agitation. It is

not possible to separate the in¯uence of the impinging jets

from that of the impeller.

Nevertheless, Figs. 7±9 which indicate that micromixed-

ness ratio is independent of the stirrer speed and the feed

position for large feed ¯ow rates, allow to conclude that the

local energy dissipation rates thus measured are essentially

due to the feeding system.

When impinging jets are in the discharge stream of the

impeller, the values of the local energy dissipation rate of the

system `impeller and impinging jets' deduced from the

incorporation model and relation (12) evolve alike the

measured values of the micromixedness ratio (see Figs. 7

and 12). Three functioning regimes are observed, depending

on the feed ¯ow rate. The local energy dissipation rate

depends on the stirring speed for small feed ¯ow rate values.

It depends on the stirring speed and the feed ¯ow rate at

intermediate values, and reaches ®nal values as high as

20 W kgÿ1, for large feed ¯ow rates: it is no more function

of the stirring speed. It is then rather dif®cult to separate the

in¯uence of the impeller from the in¯uence of the impinging

jets, especially in the case of low and intermediate feed ¯ow

rate values.

However, when impinging jets are situated in position 1

(Fig. 13) or in position 2 (Fig. 14), the local energy dis-

sipation rate of the impeller is far smaller (see the values

corresponding at a zero feed ¯ow rate on Figs. 13 and 14)

and the measured values of the energy dissipation rates at

the impingement point are therefore mainly owed to the

impinging jets. These values, which no more depend on the

stirring speed correspond then to the local energy dissipa-

tion rate in impinging jets alone. The values of the local

energy dissipation rate in impinging jets are then obtained

from the experiments performed with feed point position

above or below the impeller.

Fig. 12. Local power dissipated by the impinging jets and the impeller

against the total feed flow rate (the impinging jets in location 0).

Fig. 13. Local power dissipated by the impinging jets and the impeller against the total feed flow rate (the impinging jets in location 1).
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From the experimental data it can be observed that, when

the impinging jets are located in position 1 or 2, the additive

rule for the energy dissipation rates is valid

" � "impinging jets � "impeller (15)

6.2. Calculation of local energy dissipation rates in

impinging jets

Two methods of calculation have been used to estimate

the energy dissipation rates: a detailed method based on the

resolution of the turbulent ¯ow ®eld using a CFD code and a

simple method based on the integrated momentum balance.

6.2.1. Energy dissipation rate estimation from

computational fluid dynamics

The computational ¯ow package PHOENICS was used

for resolving the continuity equation, the two momentum

equations (as the system is axisymmetric) and the equations

for the turbulent quantities. We used the low Reynolds

turbulent k±" model from Lam and Bremhorst where k is

the turbulent kinetic energy and " the turbulent energy

dissipation rate.

According to the experimental results presented above,

we assumed that the turbulent ¯ow in the vicinity of the

impinging jets was not in¯uenced by the turbulent ¯ow

generated by the impeller. In this case, the calculation

domain only considered a small control volume around

the jets, avoiding the complex simulation of the whole

turbulent ¯ow ®eld in the tank. This assumption is only

valid when the jets are placed in position 1 or 2. The zero

feed ¯ow rate case has also not been considered. The

comparison between experimental and CFD results will

then only be performed in these operating conditions.

The calculation results show that in the vicinity of the

impingement plane the axial velocity pro®le is deformed

due to the hydrodynamic interaction of the counter current

streams and a radial velocity component appears. A disk

(thickness � and radius R) is then generated by impingement

of the jets, in the impingement plane (see Fig. 15).

Figs. 16 and 17 present the maximum radial evolution of

the velocity and the energy dissipation rate from the impin-

gement point. It can be seen that at the impingement point,

the energy dissipation rate can reach very high values of

several hundred W kgÿ1. The radial evolution of " decays

however very strongly with the radial position leading in

fact to a much lower average value in volume. To estimate

the mean value of the energy dissipation rate we need to

know the volume in which micromixing and reactions occur.

According to the incorporation model, the acid aggre-

gates are convected by the turbulent ¯ow up to the total

consumption of acid. From the integration of the mass

balance in the aggregates (see Eqs. (7) to (25) in [20]), it

is possible to determine the time tcons at which the aggre-

gates are totally consumed. As the aggregates are different

in size tcons is the consuming time of the mean aggregate size

of the whole population. From the velocity ®eld, calculated

by CFD, the average radial position R at which the aggre-

gates are consumed can be estimated from

tcons �
ZR
0

dr

�u�r� (16)

where �u is the mean value integrated over the thickness � of

the axisymmetric ¯ow generated by impingement (see

Fig. 15).

From the experimental data and the CFD calculation

results the order of magnitude of R is around 2 � 10ÿ2 m.

The mean energy dissipation rate is then the mean value

integrated on the reaction volume

"jets �
R R R

"�r; z�dvR R R
dv

(17)

with

dv � 2��rdr (18)

The values of " estimated from CFD calculations are

reported in Fig. 18 and compared with values obtained from

chemical test measurements. The calculated data are in

Fig. 14. Local power dissipated by the impinging jets and the impeller against the total feed flow rate (the impinging jets in location 2).
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relative good agreement with experiments, but over esti-

mated for high velocity and under estimated for low velocity

conditions. Several reasons may be given to explain these

discrepancies as the validity of the turbulence model or the

validity of the assumptions of the calculations. Neverthe-

less, we have also to consider the nature of the relation

between the micromixedness ratio � and the energy dis-

sipation rate ". In Fig. 11, it can be seen that the energy

dissipation rate has not a great in¯uence on � as � is

proportional to (")0.2. This means that when the value of

" is multiplied by a factor 2, the difference between the

values of � is only 14%. In this sense, we can then say that

the calculated data are in relative good agreement with the

experimental ones.

Fig. 15. Sketch of the impinging jet.

Fig. 16. Evolution of the maximal radial velocity along the radial distance

from the impingement point (Qt � 5 � 10ÿ3 l sÿ1).

Fig. 17. Evolution of the maximal energy dissipation rate along the radial

distance from the impingement point (Qt � 5 � 10ÿ3 l sÿ1).
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6.2.2. Energy dissipation rate estimation from simple

momentum balance

The energy dissipation rate can be estimated from

the integrated momentum balance on the dissipation volume

by

"jet �
1
2
��u2

inQt

ÿ �ÿ 1
2
��u2

outQt

ÿ �R R R
� dv

(19)

where �uin is the mean velocity at the entering zone of

the jets, i. e. the tube outlets and �uout is the mean velocity

in the axisymmetric ¯ow generated by impingement at

r � R.

In relation (19) the volume of dissipation is calculated

from relation (18). The method needs then some calculation

results from CFD, as the volume Vand the velocities �uin and

�uout. The values of " estimated from Momentum balance are

reported in Fig. 19 and compared with values obtained from

chemical test measurements. Considering the previous

remark on the relation between the micromixedness ratio

and the energy dissipation rate, we can say that the calcu-

lated data are in relative good agreement with the experi-

mental ones.

6.3. Micromixing times in impinging jets

Finally, the values of the micromixing time tm achieved in

the device can also be compared.

The `Experimental' (see Fig. 20) values of tm are deduced

from the measured values of a, using the incorporation

model. The calculated values of the micromixing time

(`CFD' and `Momentum' in Fig. 20) are deduced from

the calculated (Section 6.2) values of ", according to rela-

tion (12). These different values of tm are then compared in

Fig. 20. Considering relation (12), which states that the

micromixing time varies as the square root of the energy

dissipation rate, a slightly better ®t is obtained between

calculated and experimental values.

Furthermore the order of magnitude of the values of the

micromixing time achieved in impinging jets show that the

mixing device based on impinging jets is an appropriate and

a very simple device for the rapid mixing of two reactants.

Fig. 18. Variation of the values of " estimated from CFD and obtained from chemical test measurements against the total feed flow rate.

Fig. 19. Variation of the values of " estimated from momentum balance and obtained from chemical test measurements against the total feed flow rate.
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For example, micromixing times as low as 4 ms are attained

for total feed ¯ow rate higher than 8 ml sÿ1.

6.4. Comparison of local energy dissipation rates at the

impingement point

According to the previous results, it can be seen that, at

the impingement point, mixing can be completed by the

impeller and/or by the impinging jets. At that impingement

point, we can therefore compare the values of the power

dissipated by these two devices, de®ning the ratio 



 � "impinging jets

"impeller

(20)

The local energy dissipation rates are here obtained from

the performed chemical test measurements. The values of

"impeller are deduced from experiments performed at null

feed ¯ow rate, whereas those of "impinging jets are deduced

from relation (15) for experiments performed in position 1

and 2.

In the discharge stream of the impeller (position 0), the

ratio 
 is calculated according to the values of "impinging jets

obtained in position 1, and according to the experimental

value of "impeller. The choice of the literature data for the

value of "impeller would not change drastically the order of

magnitude of 
 in position 0 and the results would have lead

to the same conclusion.

In the discharge stream of the impeller (position 0,

Fig. 21), it can be seen that the local energy dissipation

rate in impinging jets is of the same order of that locally

dissipated by the impeller. For stirring speeds of 300 or

400 rpm, the ratio 
 remains smaller than 3, even at large

feed ¯ow rates. For smaller stirring speeds, 
 can reach

values as high as 8, which is signi®cant of a clear prevalence

of the impinging jets over the impeller.

When impinging jets are situated in position 1 (Fig. 22)

or in position 2 (Fig. 23), the ratio 
 can reach values

higher than 100. In this case, impinging jets dissipate

powers largely superior to that dissipated locally by the

impeller.

Impinging jets achieve then a very good initial micro-

mixing between fresh reactants, dissipating locally powers

far higher as those of the impeller and leading to micro-

mixing times, for large feed ¯ow rates, as small as 4 ms

(Section 6.2). This high level of energy dissipation rates

presents two great advantages:

1. On one hand, as good micromixing conditions can be

achieved, high and particularly reproductive initial

supersaturation levels can be obtained, which can result

Fig. 20. Calculated and measured values of the micromixing time in impinging jets against the total feed flow rate.

Fig. 21. Evolution of the ratio 
 against the total feed flow rate (the impinging jets in location 0).
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in the production of a precipitate ful®lling very speci®c

qualities and reproductive characteristics.

2. On the other hand, as the ratio of the local energy

dissipation rates at the impingement point can be quan-

tified, a process using impinging jets could easily be

extrapolated at higher scale, conserving, for example, the

values of the power dissipated by the impeller and the

impinging jets at the impingement point. Knowing that

the local energy dissipation rate is proportional to the

second power of the jet velocity, we recommend, as a

first approximation, to keep constant the jet velocity for

the scale up.

7. Conclusion

A chemical system of parallel competing reactions based

on the Dushman's reaction is successfully used to determine

the micromixing quality of an impinging jets device placed

in different positions in a stirred tank. Interesting results are

obtained comparing the in¯uence of the impinging jets to

the in¯uence of the stirrer on micromixing at the impinge-

ment point. Three operating zones can be distinguished

from these results. For jet velocities lower than 2 m sÿ1,

the in¯uence of the impinging jets on the micromixing level

is insigni®cant, while for jet velocities higher than 5 m sÿ1

the mixing action of impinging jets is not disturbed by the

stirrer. Jet velocities between 2 and 5 m sÿ1 delimit an

intermediate zone where the in¯uence of the impinging jets

and the in¯uence of the stirrer on the micromixing level are

comparable to each other.

Micromixing times calculated from the experimental data

show that the mixing device based on impinging jets is an

appropriate and a very simple device for rapid mixing of

reactants. For example, micromixing times as low as 4 ms

are obtained for jet velocities higher than 5 m sÿ1.

The energy dissipation rate at the impingement point is

deduced from our experiments using the incorporation

model and the turbulence theory. The corresponding values

show that the impinging jets can realise a high local dis-

sipation rate. For example, values greater than 20 W kgÿ1

are obtained for jet velocities higher than 5 m sÿ1. At the

same time, the energy dissipation rates calculated by a CFD-

package (Phoenics) are in good agreement with experimen-

tal data. The ratio of power dissipated by the impinging jets

to that dissipated by the stirrer can vary in a large interval

depending on the jet velocity and the impingement position

in the tank. Values of this ratio as high as 100 can be

obtained for jet velocities higher than 5 m sÿ1 and for

several chosen positions.

The mixing action of the impinging jets is concentrated in

a very small volume of the stirred tank where the energy

Fig. 22. Evolution of the ratio 
 against the total feed flow rate (the impinging jets in location 1).

Fig. 23. Evolution of the ratio 
 against the total feed flow rate (the impinging jets in location 2).
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dissipation rate can reach very high values. Thus, for many

rapid processes (for example, precipitation and polymeriza-

tion) requiring a vigorous mixing during the initial contact

of the reactants, the use of the impinging jets device

represents an attractive solution. In this case, the stirrer

can supply moderate power to the whole volume of the tank,

while the impinging jets concentrate high power values

there where they are needed. In addition, the scale up of

this device is easy to realise keeping constant the jet

velocity.

8. Notation

Cj concentration of reactant j (mol mÿ3)

D impeller diameter (m)

D353 optical density at 353 nm

d thickness of quartz cell (m)

K equilibrium constant of the reaction (iii)

(m3 molÿ1)

N stirring speed (sÿ1)

Np power number

nj quantity of reactant j (mol)

Qt total feed flow rate of the jets (m3 sÿ1 or ml sÿ1)

Re Reynolds number

R radial position at which the aggregates are totally

consumed (m)

T vessel diameter (m)

t time (s)

tc minimum time beyond which the segregation

index value remains constant (s)

tcons time at which the aggregates are totally consumed

(s)

tm physical micromixing time (s)

tr chemical reaction time of the reaction (ii) (s)

u jet radial velocity (m sÿ1)

V liquid volume in the vessel (m3)

V(t) volume of acid aggregates (m3)

X extent of reaction

Xs segregation index

Y yield of the reaction (ii)

Greek letters

� micromixedness ratio


 ratio relating impinging jets and impeller local

energy dissipation rate

� thickness of the axisymmetric flow generated by

impingement (m)

"Iÿ3 molar extinction coefficient of triiodide ions

(molÿ1 m2)

" local energy dissipation rate (W kgÿ1)

� proportionality constant relating average and local

energy dissipation rates

� fluid kinematic viscosity (m2 sÿ1)

� density (kg mÿ3)

Subscripts

PM Perfect Mixing conditions

TS Total Segregation conditions

tot total

1 reaction (i)

2 reaction (ii)

Superscripts

0 initial

± average
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