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In a previous article (Laranjeira et al.), a network model was developed to describe
and predict the behavior and performance of NETmix®, a new type of static mixer con-
sisting of a network of interconnected chambers and channels. This work reports ex-
perimental results on a transparent prototype NETmix® unit constructed to enable the
characterization of the mixing mechanisms at the local scale. Tracer flow visualization
experiments show that the mixing characteristics in the NETmix® unit depend on the
Reynolds number both for macromixing and micromixing. A critical Reynolds number
for the onmset of mixing was obtained where oscillating flow in the chambers is
observed. Chemical reaction experiments were done using test reactions systems that
exhibit mixing effects in the final product distribution and selectivity. Reaction selectiv-
ity was shown to depend on the reactants injection scheme. Theoretical predictions
obtained with the network model were in agreement with experimental data for high
Reynolds numbers. © 2010 American Institute of Chemical Engineers AICKE J, 57: 1020-1032,
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Introduction

In many chemical processes, the interplay between mixing
and chemical reaction is of fundamental importance to the
overall process performance. The design and operation of
most chemical reactors and downstream separation units is
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intimately linked to how the reactant chemicals mix and
react. For example, just the manner in which initially segre-
gated reactants are brought together into the reactor can
have a great impact on the evolution of the path of chemical
products, particularly for fast reaction schemes. ' Inefficient
mixing usually has a deleterious effect on both the yield and
the selectivity of reaction, by reducing the formation of
desired products and enhancing the generation of undesired
materials. This aspect is crucial when unwanted products
must be separated in downstream processes, as the cost and
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Figure 1. Schematic representation of a network of
chambers and channels withn, = 4and n, = 5.

dimensioning of such separation processes is directly related
with the amount of undesired products present.z’3 The avail-
ability of a model suitable to describe mixing and chemical
reaction on a static mixer enables the maximization of the
yield of the desired product, thus minimizing the costs of
downstream separation processes and even upstream process-
ing costs.

The NETmix® technology concept has been described in a
previous publication,* based on a new static mixer consisting
of a regular network of spherical chambers interconnected
by cylindrical channels, as shown in Figure 1. To describe
the mixing and reaction phenomena inside this novel mixer,
a NETmix® model was developed where the chambers are
modeled as perfectly mixed stirred tanks and the channels as
perfect segregation plug flow devices. In this model, mixing
quality is characterized by introducing a segregation parame-
ter, o, defined as the ratio between the channels volume and
the whole network volume. The network structure, with mul-
tiple entry points, enables the injection of reactants using
different injection schemes, ranging from complete premix-
ing to full segregation. The results have shown that both
macromixing and micromixing characteristics can be pro-
gramed and controlled, depending on the number of chamber
rows in the direction of flow, the network segregation pa-
rameter, and the reactants injection scheme. Simulations
with competitive second-order reactions have shown strong
product distribution dependency on those parameters, and
that under certain injection schemes, the NETmix® reactor
leads to predicted selectivity values above those obtained in
classical type of reactors. Furthermore, results from CFD
simulations” have shown that above a critical channel Reyn-
olds number, the flow field within each chamber strongly
oscillates with typical well-defined frequencies inducing
strong flow field dynamics that promote convective mixing
with high efficiencies.

The objective of this work is to study chemical reaction in
a network of chambers and channels with the NETmix®
structure and validate the NETmix® model results. A
NETmix® prototype experimental unit was designed and
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constructed and is described in detail in this work. Predic-
tions of the NETmix® model are compared with experimen-
tal data to assess its validity and range of application using
the following techniques: tracer and reaction visualization
experiments and macromixing and micromixing assessment
using a consecutive/competitive test reaction system.

Direct visualization of the flow and mixing studies in
models and micromodel systems similar to NETmix® can be
found in the literature, dealing mainly with the characteriza-
tion of porous media, either single or multiphase flows.
Micromodels and image analysis were used by Lanning and
Ford® in their study of the bacterial dispersion in a network
capillaries with a regular structure, and Corapcioglu and Fer-
dirchuck” studied the dispersion of a solute in a 2D system
packed with a monolayer of spheres. Willingham et al.® used
the same techniques to study the effects of the porous media
structure and compare the experimental results and numeri-
cal predictions for a micromodel made by etching and with
a variety of different structures. Other works used micromo-
dels and direct visualization to study other phenomena in po-
rous media, including the movement and dissolution of non-
aqueous pollutants in porous media,’~'? evolution of biomass
development and propagation in a porous medium, "1
phase flow,'® bubble growth in porous media,'” and the com-
parison between Newtonian and non-Newtonian flow.'® Zerai
et al.'” have used particle image velocimetry (PIV) to visual-
ize the fluid flow in a chamber of a network with a geomet-
rical structure similar to the NETmix® model, but no attempt
to study the influence of the flow conditions and geometrical
characteristics is included. Dertinger et al.>® have considered
microfluidic networks to generate complex concentration
profiles, showing that diverse exit concentrations profiles can
be obtained changing the way different dyes are introduced
in the network and how its elements are organized.

Test reactions sensitive to mixing have been used to
assess the performance of chemical reactors. Extensive
reviews of the available test reactions sets proposed in the
literature, kinetic constants, and other relevant aspects can
be found in the literature.?""*? Although static mixers feature
high rates of energy dissipation and have short residence
times, which are useful characteristics for reactions needing
fast mixing to obtain high selectivity,”® very few experimen-
tal studies of micromixing in static mixers can be found in
the literature. Meyer et al.** assessed micromixing in a static
mixer and in an empty tube by characterizing the product
distribution of barium sulfate-EDTA complex in alkaline
medium under the influence of an acid. Experiments were
carried out in the range of Reynolds numbers 0.4 < Re <
300 by varying the fluid viscosity and the flow rate. Bourne
and Maire” determined the mixing intensity of three static
mixers, differing mainly in the width of their channels, by
applying the engulfment model**?” to the measured product
distribution of fast consecutive competitive azo coupling
between 1-naphthol and diazotized sulfanilic acid. Bourne
et al.?® and Baldyga et al.® further extended the previous
study and applied azo couplings between 1-naphthol and 2-
naphthol with diazotized sulfanilic acid to the SMX® and
SMXL® static mixers. Comparable results with the studies
of Bourne and Maire® were reported. The more open struc-
ture of the SMXL® static mixer was found more attractive
for fast reactions where high selectivity calls for rapid
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Figure 2. Photographs of the pilot NETMIX® unit.
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[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

mixing. Fang and Lee® quantitatively measured the micro-
mixing efficiency of the Kenics® static mixer at Reynolds
numbers ranging from Re = 66 to 1066 using the reaction
scheme proposed by Villermaux and coworkers.’*?! The
static mixer was found to enhance micromixing efficiency in
comparison with that in an empty tube. The results further
revealed that the Kenics® static mixer could yield better
degree of micromixing than a CSTR.

The results from this work have shown that the NETmix®
technology is a new type of reactor where mixing can be
controlled, particularly suited for complex, fast kinetics reac-
tions, leading to the registration of an international patent,
and now protected by an European patent.*”

Experimental Setup

The prototype NETmix® unit, shown in Figure 2, is com-
posed of a Plexiglas® static mixing device, the NETmix®
static mixer, four independent feeding reservoirs, one dis-
charging reservoir, two pump systems, and tubing with all
the necessary fittings. The core of the unit is the NETmix®
static mixer, and all accessory equipment serves the sole
purpose of delivering fluid with precise flow rate control.
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The NETmix® prototype structure is similar to the one
modeled and studied previously,“’5 with n, = 49 rows of
spherical chambers, connected by an oblique arrangement of
cylindrical channels, each channel at an angle of ¢ = 45°
with the main flow direction, the x axis. Each row alternates
between 15 and 16 chambers, with the first row starting with
15 chambers. The number of columns is given by the maxi-
mum number of chambers in any row, and thus in this case
ny, = 16.

Chambers in the first row are called inlet chambers,
whereas the last-row chambers are referred as exit chambers
(Figure 1). Each inlet and exit chamber includes two
opposed channels, front and back, in the direction normal to
the static mixer plane. This assembly results in a total of 30
inlet channels and 30 exit channels.

The characteristic dimensions of the chambers and chan-
nels are also in accordance with the ones used in the
NETmix® model: chambers diameter D = 7.0 mm, channels
diameter d = 1.5 mm, and oblique distance between two
neighboring chamber centers L° = 10.0 mm. These dimen-
sions result in a total void volume of V = 1.44 x 10~* m>.
The resulting value for the segregation parameter is o =
0.052.
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Inlet streams flow rates are controlled by two Ismatec®
MCP Standard pump systems. Each pump system is capable
of delivering from 3 to 750 ml/min per channel, and to de-
velop a maximum differential pressure of 1.0 bar. To
achieve the highest level of feeding control, a single pump
system is used for the front inlet channels and the other
pump system for the back inlet channels, ensuring an equal
flow rate in all 15 inlet channels on each side.

Tracer Experiments

Visualization of tracer flow experiments allows a qualita-
tive analysis of the NETMIX® mixing performance as a
function of the Reynolds number. Macromixing can be stud-
ied through visualization of the steady-state overall patterns,
and micromixing through local visualization of flow patterns,
up to the smallest scale present, that corresponds to the
behavior of individual static mixer chambers.

Tracer flow experiments were conducted for Reynolds
numbers ranging from Re = 25 to 700, where Re = pdv/u, p
and p are the fluid density and viscosity, respectively, and v
is the average velocity in the channels. Tap water was used
as working fluid and methylene blue as the tracer.

Flow visualization of the experiments was done using
TSI® imaging equipment consisting of a charge-coupled de-
vice (CCD) high-speed camera, a synchronizer, and a com-
puter for image acquisition and components control. The
control and data acquisition parameters were set using
the graphical interface of the software Insight® from TSI®.
The CCD camera is a PIVCAM 10-30 from TSI® with 1024 x
1024 pixels, each pixel with 8 bits definition, and a maxi-
mum frame rate of 30 Hz. The captured frames were trans-
ferred from the camera to the computer memory through a
PCI card to be processed. To capture flow field images, the
CCD camera must be triggered with the correct sequence
and timing. The synchronizer performs this task, offering
full computer control using an RS-232 interface, tying the
CCD camera and PC computer together as an integrated and
automated system.

Image acquisition is performed in the plane containing the
chambers and channels centers, for which the geometry is
similar to the NETmix® model, allowing an immediate and
direct comparison with the model predictions.* Nearly uni-
form illumination and good light dispersion were obtained
using a white photo reflector located between the static
mixer and a halogen lamp.

Macromixing affects the spread of the material throughout
the static mixer, and its assessment is done through the visu-
alization of the tracer patterns at steady state. The tracer is
injected on a single injector at the center column. Figure 3
shows snapshots of four tracer experiments for Re = 37.5,
50, 75, 150, 200, and 300, representative of the different
possible behaviors.

For low Reynolds numbers (Re = 25), the tracer plume
presents a 45° aperture in the first three rows, spreading to
the neighboring two columns, but no further spread of tracer
occurs up to the exit. This initial plume aperture most prob-
ably results from pump-induced perturbations in the flow, af-
ter which, outside the pump influence region, the plume
keeps a uniform width. This behavior indicates that pump
influence is restricted to the inlet neighboring region, being
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Figure 3. Snapshots of tracer experiments at steady
state for a single central injection point.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

shortly dumped afterward. This quick dissipation of pertur-
bation prevents the use of pulsed flow to overcome mini-
mum Reynolds limits for mixing. The nonspreading of the
plume is caused by a complete lack of mixing inside the
chambers, i.e., each stream flows in its original entrance side
of the chamber, completely segregated from the opposing
stream.

Increasing the Reynolds number (Re = 50) the plume
spreads to neighboring columns within the first four rows,
but again no further spreading occurs up to the exit. At Re
= 75, the plume starts to open continuously from the bottom
to the top of the NETmix®, denoting a flow field transition
with the onset of the occurrence of mixing mechanisms
inside each chamber. For higher Reynolds numbers, a con-
tinuous increase in the plume aperture, up to the physical
limit of 45°, can be observed. At Re = 150, the plume
spreads across the whole width of the static mixer. For Re >
200, the overall tracer flow patterns become practically
indistinguishable from each other.
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Figure 4. Typical digital frame obtained with the PIV-
CAM 10-30 camera for the tracer experi-
ments.

Micromixing is associated with the homogenization of the
mixture at the smallest scales. Thus, micromixing assessment
is better achieved through the local visualization of mixing
inside each chamber. The tracer forms an evolving plume
from the single injection chamber toward the static mixer
exit, as observed in Figure 3.

The mixing flow patterns are better observed in the cham-
bers where clear and dyed fluid enter separately, thus the
imaging acquisition frame was placed on the interface
between dyed and clear streams and sufficiently distanced
from the pumps influence region and static mixer borders.
Figure 4 shows an example of one image frame acquired
using the PIVCAM camera. Dynamic flow pattern sequences
for two neighboring interface chambers were simultaneously
acquired, allowing their comparison at the same time instant,
for Reynolds numbers ranging from 37.5 to 500. At each
flow condition and scanning position, an ensemble of 200
frames with a frequency of 30 Hz was captured. The
scanned region is a square with side length of 25.2 mm and
a resolution of 24.62 um/pixel. This resolution allows the
visualization of the smaller scales and an adequate imaging
of the micromixing phenomena. To enhance mixing visual-
ization, images were postprocessed by indexing each gray
level to a color level ranging from white to blue.

Figure 5 shows some typical sequences of dynamic flow
patterns in a single chamber. For low Reynolds numbers (Re
= 37.5), nearly complete segregation between the two halves
of the chamber is observed, denoting the total absence of
convective transport between the dyed and clear streams.
This particular flow pattern is the cause of no plume spread-
ing toward the static mixer top observed for Re < 50 (see
Figure 3). For Re = 50, the segregation between the two
halves of the chamber is still observed, but now a slight os-
cillation is observed at the top of the chamber; this oscilla-
tion results in the slight plume spread shown in Figure 3 for
Re = 50.

For Re = 75, a flow regime transition, with some degree
of mixing between the two inlet streams, is observed. The
separation between the two halves of the chamber is still
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observable, but now the tracer appears in the half where
clear fluid is injected. Further analysis of the sequence of
frames shows that the interface between the dyed and clear
streams is continuously changing with time, and the flow
field presents a self-sustained oscillatory behavior.

In the range 75 < Re < 200, there is a clear increase in
the mixing dynamics, where the amplitude of the interface
oscillation grows with Re. Interface oscillation causes both
streams to be constantly engulfed by the vortices structures
located near the top and bottom wall of each chamber.
Again a self-sustained oscillatory behavior is observed, and
the time for a full oscillation decreases with Re.

The increase of the mixing dynamics makes the chamber
homogenization nearly instantaneous, in particular for Re >
200 where the flow patterns become featureless. The quasi-
instantaneous homogenization denotes very intensive mixing
inside the chambers, which is next studied through the use
of test reactions for micromixing characterization.

Although these experiments were conducted at constant
flow rate, the flow visualization experiments put into
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Figure 5. Single-chamber dynamic flow
sequences for tracer experiments.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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evidence the existence of flow field oscillation frequencies
dependent of the Reynolds number. This oscillatory behavior
was observed also in the case where only one pump was
used, indicating that it is a phenomenon intrinsic to the flow
field within the NETmix® structure and not induced by
pump oscillations.

Chemical Reaction Experiments

Parallel and/or consecutive test reactions have been exten-
sively used to study the mixing efficiency in chemical reac-
tors, by exploiting the competition between two or more
chemical reactions.>>~>° In this work, a consecutive/competi-
tive reaction system, the azo coupling of 1-naphthol (A) with
diazotized sulfanilic acid (B) in dilute, aqueous, and alkaline
buffered solution was used for mixing studies. This reaction,
first proposed by Bourne et al.,* is schematically repre-
sented by

A+B LR (very fast) @
R+B -8 (fast),

where R represents a mixture of the two isomers of the
monoazo product: the ortho form, 2-(4'-sulphophenylazo)-1-
naphthol, and the para form, 4-(4’-sulphophenylazo)-1-
naphthol. S is the bisazo product: 2,4-bis(4’-sulphophenyla-
z0)-1-naphthol. The reaction kinetics for this system in
aqueous solution have been extensively studied,*'™* and it
has been shown that the resulting product selectivity is
dependent on mixing.*'

For this reaction system, the reactants are uncolored and
the azo-coupling products present red coloring. Chemical
reaction visualization experiments follow product formation
inside the NETmix® reactor. The extent of the reaction
zones allows the estimation of the local and global spatial
product distribution as a function of the Reynolds number.

Mixing assessment was obtained by studying the selectiv-
ity of the azo coupling reaction and the influence of operat-
ing conditions, namely the reactants injection schemes on
product formation. An important characteristic of the
NETmix® technology is the capability of using different
injection schemes by introducing the reactants into different
inlet chambers. Figure 6 shows the different schemes used in
this work. The first injection scheme (Figure 6a), with the
two reactants A and B injected in two separate inlet cham-
bers, was used for the visualization experiments. In the pre-
mixed injection scheme (Figure 6b), the two reactants are
injected in alternate inlet chambers, resulting that, by the
second row of the reactor, the two reactants are fully mixed.
In the three segregated injection schemes, reactant B is
injected into one, two, and three inlet chambers, in a cen-
trally symmetric pattern, with reactant A being injected in all
the other inlet chambers (Figures 6¢c—e).

Visualizing chemical reaction at the local level can be
used to assess the role of the flow field on micromixing, as
the products formation only occurs when reactants contact at
the molecular level. In addition, chemical reaction allows a
clearer picture of the interaction between both inlet streams,
in each chamber, as colored products are only formed in the
contact regions.
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The location of the injection points was set in such a way
that the contact between the two reactants first occurs in a
chamber positioned after the pumps influence region. To this
purpose, reactants A and B are injected into two separate
inlet chambers separated by three other inlet chambers as
shown in Figure 6a, and thus the contacting chamber is
located in the fourth row from the inlet.

Chemical reaction visualization experiments were con-
ducted at steady state, for Reynolds numbers in the range of
50 < Re < 700. Below Re < 50, the lack of mixing inside
the chambers, as observed in the tracer experiments, keeps
reactants A and B segregated from each other.

Figure 7 shows snapshots of the chemical reaction experi-
ments for four typical values of Re. The azo couplings reac-
tion products R and S all present an intense red color, but
the S product color is noticeably darker. As in the tracer
experiments, an increase of the plume aperture with higher
Reynolds numbers is also observed here, but now color gra-
dients within the plume are observed in both the main flow
direction and in the direction normal to the flow. This effect
results from the axis-symmetric spatial distributions of the
reaction products R and S.

DOI 10.1002/aic 1025
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Figure 7. Snapshots of chemical reaction experiments
at steady state using the visualization injec-
tion scheme (Figure 6a).

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

As the reactants A and B are injected separately, a concen-
tration gradient for each chemical species occurs along the
direction normal to the flow. On the left-hand side of the re-
actor, A is predominant and thus all B is immediately con-
sumed into R with only residual quantities of S being possi-
bly formed, and thus the lighter red color observed. Con-
versely, on the right-hand side of the reactor, B is in excess,
and a considerable quantity of B remains unreacted even af-
ter complete consumption of A into R, thus promoting the
production of S, resulting in a darker red color.

The increase in mixing with Reynolds number flattens the
reactants concentration gradients, thus notoriously affecting
the product distribution. On the left-hand side, as Re
increases, the reduced but still present excess of A always
results in a complete consumption of B into R, thus no visi-
ble coloring change occurs on that side of the plume. How-
ever, on the right-hand side, as the excess of reactant B rela-
tive to A diminishes for higher Re, the formation of product
S is prevented, thus the fading of the dark red color on the
right side of the plume, resulting in more homogeneous red
color across the reactor.

From the tracer experiments results, an increasingly
larger spatial spread of reactants with Re was expected.

1026 DOI 10.1002/aic

Published on behalf of the AIChE

However, the continuous decrease of S formation in certain
spatial locations as the Reynolds number increases is not
only evidence of the increasingly greater spread of reac-
tants A and B through the reactor, i.e., macromixing, but
also the increasingly reduction of local segregation, i.e.,
micromixing. Hence, these experiments clearly show an
overall increase of mixing, both macromixing and micro-
mixing, with Re.

To further observe the effects of mixing on chemical reac-
tion, dynamic imaging sequences of chemical reaction in a
single chamber were obtained, choosing the chamber where
both pure reactants A and B first contact. For each flow con-
dition, an ensemble of 200 frames was captured with a fre-
quency of 30 Hz. Again, to enhance the visualization,
images were postprocessed, now indexing each gray level to
a color level ranging from white to red.

From the complete dynamic sequences, obtained for Reyn-
olds numbers in the range 50 < Re < 700, a snapshot at a
given time instant is shown in Figure 8. For Re = 50, product
formation is restricted to the chamber central region, and mix-
ing is insufficient to promote homogeneity of both reactant
streams separately entering the chamber. A strong red color is
only observable on the right-hand side exit chamber, resulting
from the formation of S driven by the excess of B on this side
of the reactor. For Re = 75, product formation on the whole
chamber can be observed, even though the right-hand side exit
chamber still presents a noticeably darker color. Although mix-
ing was greatly improved, as observed from the chamber’s ho-
mogeneous appearance, in micromixing terms an excess of B
on the right side of the chamber still exists resulting in consid-
erable more S formation. For Re = 100, no significant mixing
quality enhancement is observed, but for Re = 150, it is
observed a blurring between the red color intensities of both
the left- and right-hand side exit chambers. For Re > 200, no
further improvements in mixing are observable, either for
micromixing or macromixing.

The reaction rates of the fast consecutive competitive
reaction system described by Eq. 1 are high relative to the
rate at which the reactants A and B are mixed. Thus, the azo
coupling reaction product distribution strongly depends upon
the mixing intensity, and the reaction selectivity becomes a
suitable parameter for characterizing mixing.

The maximum selectivity value in R is obtained when the
contact of A and B at the molecular level scale is done
before significant reaction occurs; otherwise, if homogeniza-
tion is slow, the selectivity values tend to zero. The selectiv-
ity in S is given by**

203"

XS = C(l%ul + zcguﬁ

(©))

where C$i' and C$ are the products exit concentrations.
When reaction is sufficiently slow that its rate is deter-
mined by chemical kinetics, the reactants streams can be
mixed before any significant conversion occurs, and micro-
mixing is not important in these cases.*> When reaction is
fast relative to mixing, conversion occurs in reaction zones
where steep concentration gradients are present, which has
influence in product distribution.®® In the azo coupling of 1-
naphthol (A) with diazotized sulfanilic acid (B), the cou-
plings are so fast that reaction is complete within a few
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Figure 8. Single-chamber dynamic flow patterns for chemical reaction experiments.
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

seconds. Thus, A and B were, for all experiments, separately
fed into the NETmix® to assess mixing only within the reac-
tor, avoiding external premixing effects that would distort
the results and their meaning. Preparation of the reactants
followed a strict procedure™* to ensure their stabilization
and an optimum value of pH around 10.

Product distribution at the reactor exit was determined by
spectrophotometry using a stopped-flow reaction tech-
nique.>** To obtain significant quantities of R, and thus sim-
plify their determination, the inlet reactant concentration ra-
tio, C'/C, should be higher than the stoichiometric ratio.
However, ratios greatly in excess of unity cause low S for-
mation and again analytical problems.*’ In this work, a ratio
of CL;‘/C};‘ = 1.2 was used for all azo couplings. Further-
more, as A is always in excess, reactant B becomes the limit-
ing reactant, thus enabling a way of verifying the overall
mass balance.

Cit = Cf + C™* +2C5. 3)

Two types of experiments were conducted. First, a pre-
mixed injection scheme (Figure 6b) was used to promote
early mixing and maximize the reactants feed distribution.*’
This premixed injection scheme accelerates mixing, estab-
lishing in this way a high selectivity in R (lower Xg) for
given hydrodynamic operating conditions. Furthermore, it
provides a straightforward approach for mixing assessment
at different values of Re.

The second type of experiments takes advantage of the
various inlets of the NETmix® reactors, where reactants are
fed with different, segregated injection schemes (Figures 6c,
d). This study aims to find ways of controlling product dis-
tribution, for given hydrodynamic operating conditions. Sim-
ilar works have been conducted to study the effect of the
number of feed nozzles of reactant B on the selectivity of §
in stirred tanks.*®

The reactants were fed, and all the experiments were car-
ried out at 20°C. All inlet ports were fed with feed concen-
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trations, Cg and Cf,, determined so that for all schemes the
overall inlet concentration rate is equal to Cf/Cil = 1.2 (Ta-
ble 1). For both premixed and segregated injection schemes,
and at every Reynolds numbers studied, samples were col-
lected from all exit channels of the reactor. Each sample was
immediately analyzed twice to ensure the spectrophotometric
method reproducibility and to verify if chemical reaction
only occurs inside the reactor.

For the premixed injection scheme, given that no concen-
tration profile at the exit channels occurs, values of C,e{‘“ and
Cit were evaluated as arithmetic averages of all the meas-
ured concentrations values in each experiment, for each
Reynolds number. In all experiments, the conversion of the
limiting reactant B was complete, and the mass balance (Eq.
1) for the two products, R and S, was between 98 and 100%
of the amount B added to the reactor.

Figure 9 shows, for the premixed injection scheme, plots
of the products concentration at the reactor exit and of the
selectivity Xg where it is clear the major effect of the Reyn-
olds number on macromixing and micromixing. From Re =
50 to 250, the amount of S produced decreases rapidly, and

Table 1. Feed Concentrations of Reactants A and B
Concentrations for Each Injection Reaction Scheme

Feed Concentrations
(After Mixing)

Feed Concentrations
(Before Mixing)

Injection Scheme (mol m~3) (mol m~3)
Prémixed injection Cl, = 0450
scheme Ch = 0429
Segregated injection C = 0.257 Cin = 0.300
scheme S1 Cg — 3.000 i~ 1.000
Segregated injection Ch =0.277
scheme S2 Cf, = 1.500
Segregated injection Cz = 0.300
scheme S3 Ct, = 1.000
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Figure 9. Results obtained for the premixed injection scheme as a function of the Reynolds number.

(a) Exit product concentration and (b) selectivity in S.

X reaches an asymptotic value of nearly zero for Re > 300.
In terms of either macromixing or micromixing, this indi-
cates a severe increase in the mixing intensity in the range
50 < Re < 250, and that for Re > 300 the product distribu-
tion is no longer in a macromixing- or micromixing-con-
trolled regime.

Experiments were also conducted for the three different
segregated injection schemes shown in Figures 6c, d, where
reactant B is injected in one, two, and three zones. Similarly
to the premixed injection scheme experiments, concentration
evolution with time was not observed in these experiments.
In these cases, the limiting reactant B is not completely con-
sumed inside the reactor, except for the case of segregated
injection scheme S3. Again the mass balance to B was
within 98-100.0% for both Re.

Figure 10 shows values of X determined in the exit chan-
nels of reactor, for the three segregated injection schemes
and Re = 300 and 500. The profiles of Xg, along the exit
channels, exhibit central symmetry, and for a given Reynolds
number, the reactants injection scheme strongly affects the
selectivity in S, with Xg markedly decreasing as the number
of reactant B injection zones increases. The comparison of
the profiles of X for the same segregated injection scheme
at Re = 300 and 500 reveals similar spatial distributions, but
lower selectivity in S as the Reynolds number increases. For
the segregated injection schemes S1 and S2, a maximum
value of Xy located at the central exit channel of the
NETmix® is observed. As the number of injection zones
increases, for both Re, a flattening of the Xy profile of along
the exit channels of the reactor is observed, with a nearly
flat profile for segregated injection scheme S3. Although flat
profiles of Xg were also obtained along the exit channels for
the premixed injection scheme, the average selectivity values
for the segregated injection scheme S3, Xg = 0.017 and
0.085 for Re = 300 and 500, respectively, are one order of
magnitude larger than the corresponding selectivity values
for the premixed injection scheme, Xg ~ 0.002. Therefore,
the product distribution for the present reaction scheme is
shown to be dependent on the details of mixing-reaction
interactions.
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Comparison with the NETmix® Model

In a previous publication,” the NETmix® model was intro-
duced, where macromixing modeling is based on the net-
work structure and on the assumptions of perfectly mixed
chambers and piston flow in the channels. The hydrodynam-
ics is simulated using an analogy to a pure resistive electri-
cal circuit with no dependency on the Reynolds number.*’

To further validate the NETmix® model, simulations were
carried out using a regular network with nonperiodic bound-
ary conditions and without horizontal channels,4 with the
same dimensions as the NETmix® static mixer prototype,
and the results were compared with the experimental results.

The tracer snapshots of Figure 3 show a continuously
evolving tracer spread for Reynolds numbers ranging from
Re = 25 to 200, whereas for Re > 300, the tracer plume
aperture attains the limit of 45°, with any further evolution
in the overall tracer patterns virtually impossible to differen-
tiate. Figure 11 compares the simulated and observed spread
of tracer in the NETmix® model and prototype for a single
central injection point. For Figure 1la, a color scale based
on the simulated concentration maps was generated to

X 060 S1 - Re ¢300 ¢ 500 o
s S2 - Re 0300 @ 500 < o
0.50 1S3 - Re 0300m500 ¢ PS o
o L 4 o . o
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Figure 10. Selectivity in S at each outlet channel for

different segregated injection schemes at
Re = 300 and 500.
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(b)

Figure 11. Tracer patterns for a single central injection
point.

(a) NETmix® model simulation; (b) snapshot of tracer
experiment at steady state for Re = 500. [Color figure can
be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

approach the successive dilution of the methylene blue solu-
tion used in the tracer experiments.

To interpret the mixing-reaction experiments and compare
with the NETmix® model data, it is important to have reliable
chemical kinetic information. Different authors®®40-424849
have reported results of stopped-flow kinetic experiments for
the set of reactions described by Eq. 1. Nonetheless the range
of published values for rate constants, all works report both
azo coupling reactions to be irreversible and second order in
concentration dependence so that

—14 = k1CsCp

4
rs = kQCBCR. ( )

Nunes et al.*>* reported k; = 15.8 X 10> m® mol ™! 57!

and k» = 27 m®> mol™! s7' at pH = 9.9 and T = 20°C,
obtained in a SX.18MV-R Microvolume Stopped-Flow Reac-
tion Analyzer, and these values were used in all simulations.

The full line shown in Figure 9b represents the simulated
values of the selectivity in § for the premixed injection
scheme. For Re > 300, the NETmix® model describes accu-
rately the experimental results, thus providing strong evi-
dence that, in these cases, mixing is well described by the
NETmix® model.

Figure 12 shows the experimental and simulated concen-
trations of reactant B and products R and S profiles at each
exit channel and Re = 300. Very good agreement is obtained
between the experiments and NETmix® model predictions,
thus validating the assumptions that for high Reynolds num-
bers, channels behave as PFRs and chambers behave as per-
fectly mixed CSTRs, exhibiting no hydrodynamic or mixing
dependency on the Reynolds number.

The validation of the NETmix® model as a macromixing,
micromixing, and chemical reaction descriptive model of the
NETmix® static mixer allows the estimation of concentration
maps inside the reactor directly from simulations results. As
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an example, the computed concentration field maps of reac-
tant B and products R and S for Re = 300 are shown in Fig-
ure 13 for the segregated injection scheme S2.

The distribution of R and S within the reactor is shown to
be dependent on the details of the reactants A and B spatial
distributions. Higher concentrations of R occur in the contact
region between reactants A and B, with regions rich in R
delimiting the B-rich regions. When spatial inhomogeneity
of A and B concentrations occur, excess of B in the presence
of A yields R that is later consumed into S. This is clearly
the case, with the local maximum regions of B overlapping
for the three segregated injection schemes with local deficit
regions of R. Such general behavior for the case of a fast
consecutive competitive reaction system was noted and qual-
itatively discussed by Levenspiel2 and Bourne and Toor,”
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Figure 12. Simulated and experimental concentrations
at the exit channels for Re = 300.
(a) reactant B; (b) product R; and (c) product S.
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com.]

with subsequent experimental studies’'”? and DNS simula-
tions confirming the general validity of this observation.”®

The experimental selectivity in S profiles, shown in Figure
10, presents maximum values at the central exit channel.
Such feature is implicit in Figure 13, noticing that contact
between reactants A and B is not sufficient to completely
consume B in the NETmix® center axis, thus resulting in
high formation of S in that region. On the other hand, the
local maximum of B in the center axis promotes the con-
sumption of R, resulting in the local minimum of R observed
in Figure 10b.

Using different reactants injection schemes is shown here
to be a key factor to control and attain different product se-
lectivity values. As fast consecutive competitive reactions
offer a stringent test of reactive mixing, the ability of the
NETmix® model to handle and describe different situations,
such as the use of segregated injection schemes, results in its
validation as a tool for product distribution design.

1030 DOI 10.1002/aic

Published on behalf of the AIChE

Conclusions

The NETmix® static mixer mixing efficiency was assessed
through tracer flow visualization experiments in the range
of Reynolds numbers 25 < Re < 700. The importance of
the work presented lies in the fact that it contributes to the
knowledge of the influence of the operating Re in the
NETmix® static mixer dynamic behavior. It is clear the exis-
tence of a transition in the flow field regime for a critical
Reynolds number around 75, with the onset of mixing mech-
anisms inside each chamber. For Re < 75, an almost com-
plete segregation between the fluids in the two halves of the
chamber is observed. Above the critical Reynolds number, a
continuous increase in the mixing dynamics is observed,
with quasi-instantaneous chamber homogenization achieved
for Re > 200.

A good match between the NETmix® model™” and the
NETmix® static mixer macromixing patterns was shown
from tracer flow visualization experiments, validating the

145
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NETmix® model as a macromixing descriptive model for
Re > 300.

Greater insight into the mixing efficiency of the NETmix®
static mixer was achieved through chemical reactions experi-
ments using as test reaction a fast consecutive competitive
reaction system, the azo coupling of 1-naphthol with diazo-
tized sulfanilic acid. As the azo coupling reaction product
distribution strongly depends upon the mixing intensity, the
selectivity in S can be used to further assess the NETmix®
model validity for mixing and reaction. Chemical reaction
imaging provided further evidence on the overall increase of
mixing, both macromixing and micromixing, with Re.

Experiments to determine the product distribution at the
exit channels NETmix® static mixer were carried out for dif-
ferent Reynolds numbers and reactants injection schemes.
Under the premixed injection scheme, the selectivity in §
strongly decreases in the range of Reynolds numbers 50 <
Re < 250, displaying nearly zero values for Re > 300. This
indicates a severe increase in mixing intensity up to Re =
300, with the product distribution being no longer in a mac-
romixing- or micromixing-controlled regime for higher
Reynolds numbers. Similar to the results for macromixing,
an excellent fit of mixing-reaction experimental data was
obtained with the NETmix® model for Re > 300.

NETmix® model simulations showed a strong product dis-
tribution dependency on the reactants injection scheme. The
feasibility of using segregated injection schemes as an opera-
tional and design parameter in the NETmix® static mixer
was experimentally shown for Re = 300 and 500. Agree-
ment between experiments and predictions was excellent for
both Reynolds numbers, thus supporting for the NETmix®
static mixer the assumptions of the NETmix® model that
channels behave as PFRs and chambers behave as perfectly
mixed CSTRs for Re > 300.

The agreement between chemical reaction experimental
data and NETmix® model predictions with segregated injec-
tion schemes provides a firm basis to its ultimate assertion
as a macromixing and micromixing and chemical reaction
descriptive model for the NETmix® static mixer, under the
appropriate conditions.

Moreover, the NETmix® technology, now protected by an
European patent,> has proven to be an innovative type of re-
actor where mixing can be controlled particularly suited for
complex, fast kinetics reactions. Because of its 2D configura-
tion, it is a versatile technology, of easy scale-up, with high
heat transfer area required in highly exothermic and explosive
reactions. The NETmix® has been used in a new, proprietary54
continuous process for production of highly pure, nanocrystal-
line hydroxyapatite using a wet chemical method of precipita-
tion using calcium and phosphorus in alkaline solution.>
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