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(57) Abstract: The present application relates to an improved apparatus for mixing intensitication in multiphase systems, which can
be operating in continuous or batch mode. In particular, it relates to a reactor, which can be assembled and disassembled easily for
cleaning. The apparatus is based on oscillatory flow mixing (OFM) and comprises an oscillatory flow plate reactor (OFPR) provided
with 2D Smooth Periodic Constrictions (2D-SPCs). The apparatus can be fully thermostatized and it is based on a modular system,
in order to achieve most of the industrial application. The OFPR is suitable for multiphase applications such as screening reactions,
bioprocess, gas-liquid absorption, liquid-liquid extraction, precipitation and crystallization. Regarding its size and geometry and the
ability to operate at low flow rates, reagent requirements and waste are significantly reduced, as well as the manufacturing and oper -
ating costs, compared to the common reactor, such as continuous stirred tank reactor (CSTR) and the "conventional” OFR.
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DESCRIPTION

Modular oscillatory flow plate reactor

Technical Field
The present invention relates to an apparatus for mixing
based on oscillatory flow plate reactors provided with 2D

smooth periodic constrictions.

Background

Mixing efficiency 1s the key factor for the success of
several processes. Improper mixing can result in non-
reproducible processing and lowered product quality. Stirred
tank reactor (STR) is commonly used at the industry, however,
problems associated with bad mixing, scale up, product
quality and process reproducibility, are typically reported.
In order to overcome these limitations, associated to the
conventional stirred tank reactors, oscillatory flow
reactors (OFR) [2,3] and static mixer [4-6] are used. Static
mixer is characterized by its small size, intense mixing and
enhanced mass and heat transfer. However, as the mixing in
these units depends on superficial velocity, the desired
mixing is, normally, achieved by increasing the fluid flow
or mixer units, a disadvantage 1in some processes. Unlike
static mixers the mixing in OFR can be improved without
changing the solution flow and unit numbers, furthermore, it
can be operated in batchwise or continuously, flexibility

especially relevant to the industry.

OFR 1is basically a column provided with periodic sharp
constrictions, called baffles, operating under oscillatory

flow mixing (OFM). The 1liquid or multiphase fluid 1is
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typically oscillated in the axial direction by means of
diaphragms, bellows or pistons, at one or both ends of the
tube, developing an efficient mixing mechanism where fluid
moves from the walls to the centre of the tube with intensity
controlled by the oscillation frequency (f) and amplitude
(x0) . The formation and dissipation of eddies, in these
reactors, has proved to result into significant enhancement
in processes such as heat transfer, mass transfer, particle

mixing and separation[7].

Typically, in order to obtain the best mixing in the OFR the
baffle thickness, spacing and open area (o) defined as
(orifice diameter (do)/ tube diameter (D))?, need to be
selected and combined with a specific oscillation frequency
and amplitude of the fluid. The values of open area (u) are

usually disclosed in percentage.

During the last decade, the “conventional” OFR, based on
annular baffles, was scaled-down in order to improve the
mixing and reduce problems related to the existence of dead
zones or stagnant regions near of the baffle, which results
in several problems of process and product quality. These
mesoscale (millilitre) oscillatory baffled reactors (meso-
OFR) have received considerable attention due to their mixing
intensification, small volume and ability to operate at low
flow rates, reducing reagent requirements and waste. Several
baffle designs have been tested in order to obtain the best
mixing and a dead zones reduction[8].

Reis et al. [9] re-designed the conventional annular baffles
presented at the conventional OFR in order to suit some of
the bioprocess applications requirements. The disclosed
geometry 1s based on Smooth Periodic Constrictions (SPCs).

The advantages associated with the use of the SPC geometry
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for a specific biotechnological process at mesoscale were
demonstrated. However, the application of the SPC design,
suggested by Reis et al., is restricted to one SPC geometry,
two inner diameters (around 5 mm) and one system. Furthermore,
the application of the SPC design, suggested by Reis et al.,
to others systems, such as c¢rystallization, results in
problems related with secondary nucleation, agglomeration
and clogging, beyond others. In order to overcome some of
these gaps WO 2015/056156 [1] explore the influence of
several geometric parameters, that characterize the SPC
design, on reactor performer, at meso and macroscale. The
optimized geometric values obtained have been applied to
several systems like: bioprocess, gas-liquid absorption,
liquid-liquid extraction, precipitation and crystallization,
at different scales. Despite the excellent results obtained
so far, some specific problems related with solids handlings
have been arising, especially, solid deposition and fouling,

when low oscillatory conditions need to be imposed.

The present invention fulfils the gaps identified in WO
2015/056156, especially when solids are involved. The
present invention relates to an improved apparatus for mixing
intensification 1in multiphase systems, especially when
solids are involved, which can be operating in continuous or
batch mode. In particular, it relates to a plate reactor,

which can be assembled and disassembled easily for cleaning.

Summary
The present application discloses an apparatus for mixing
intensification comprising:
- A plate reactor provided with a reactor vessel
provided with smooth periodic constrictions (SPC),

wherein the said smooth periodic constrictions (SPC)
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are present in two parallels faces of the rectangular
Oor square cross section tube, characterizing the 2D
smooth periodic constrictions (2D-SPC);

- A mixing chamber;

- Oscillation means to oscillate the 1liquid or

multiphase fluid within the reactor vessel.

In an embodiment, the reactor vessel is build-up by stacking
up at least two slices resulting in tubes with rectangular
or square cross section (x0z section plane) rather than

circle cross section.

In other embodiment, the reactor edges can be smoothed.

In another embodiment, the reactor vessel of the apparatus

is provided with a at least two of inlets or outlets.

In an embodiment, the reactor vessel of the apparatus is in
the form of a single plate reactor or at least two plate

reactors, displaced in parallel, by stack up the plates.

In another embodiment, the reactor vessel of the apparatus

is totally thermostatized.

In even another embodiment, the Jjacket on the apparatus is
used for mass transfer between the jacket and the reactor

vessel or between the reactor vessel and the jacket.

In an embodiment, the mixing chamber of the apparatus is

provided with at least two ports for inlet or outlet.
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In another embodiment, the reactor vessel of the apparatus
has the distance (L) between consecutive convergent sections

1 to 5 times the tube width (Dw) of the straight section.

In even another embodiment, the reactor wvessel of the
apparatus has the convergent - divergent section length (Li)

0.5 to 3 times the tube width (Dw) of the straight section.

In an embodiment, the reactor vessel of the apparatus has
the shortest tube width (dow) of the convergent - divergent
section 0.1 to 0.5 times the tube width (Dw) of the straight

section.

In another embodiment, the reactor vessel of the apparatus

has the open area («), defined as dow/Dw, between 10 and 50%;

In even another embodiment, the reactor wvessel of the
apparatus has the radius of curvature (R¢) of the sidewall
of the convergent section 0.1 to 0.5 times the tube width

(Dw) of the straight section.

In an embodiment, the reactor vessel of the apparatus has
the radius of curvature (Rgq) of the sidewall of the divergent
section 0.1 to 0.5 times the tube width (Dw) of the straight

section.

In another embodiment, the reactor vessel of the apparatus
has the radius of curvature (Rt) at the convergent -
divergent section centre of the reactor 0.1 to 0.5 times the

tube width (Dy) of the straight section.
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In even another embodiment, the reactor wvessel of the

apparatus has the thickness (®) perpendicular to x0y plane

0.2 to 3 times the tube width (Dy) of the straight section.

The present application also discloses the use of the
apparatus 1in mnultiphase applications such as screening
reactions, bioprocess, gas-liquid absorption, liquid-liguid

extraction, precipitation and crystallization.

General description

The present application relates to an apparatus for mixing
based on oscillatory flow plate reactors provided with 2D
smooth periodic constrictions. This apparatus can be used in
multiphase applications such as screening reactions,
bioprocess, gas-liquid absorption, liquid-liquid extraction,

precipitation and crystallization.

The objective of the technology now disclosed is to provide
an improved apparatus for mixing intensification in
multiphase systems, especially the ones involving solids,
which can be operated in continuous or batch mode. So, based
on theoretical and experimental observations using different
2D-SPC geometries, as illustrated on Figures 2 and 3, the
present technology presents new dimensions’ ranges that
fulfil some of the gaps observed 1in WO 2015/056156,
especially when solids are involved. The geometrical
parameters studied were: tube width (Dy); shortest tube width
in the constrictions (dow); thickness (w); mean spacing
between consecutive constrictions (Li+L2); constriction
length (Li1); straight tube length (L2); open area (o),
defined as dow/Dw, rather than (orifice diameter (do)/ tube

diameter (D))2 used 1in tubes with circle cross section;
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radius of curvature (R¢) of the sidewall of the convergent
section (3); radius of curvature (Rgq) of the sidewall of the
divergent section (4); and, radius of curvature (R¢) at the

convergent - divergent section (5) centre.

The 2D-SPC geometries here disclosed decrease the problems
related with solid handling, especially, solid deposition
and fouling, identified in the O0OFRs presented by WO
2015/056156 [1], and increase its possible use in systems,

for instance, in crystallization.

The apparatus that comprises the novel oscillatory flow plate
reactor (OFPR) provided with 2D Smooth Periodic
Constrictions (2D-SPCs), hereinafter OFPR-2D-SPC, based on
the claimed dimensions, is presented as a plate, as disclosed
on Figure 4. The OFPR-2D-SPC is build-up by stacking up at
least two slices resulting in tubes with rectangular or
square cross section (x0z section plane) rather than circle
cross section presented in WO 2015/056156 [1]. The tube edges

can be smoothed.

The OFPR-2D-SPC can be assembled and disassembled easily for

cleaning.

The plates can be arranged in parallel by stacking up the
plates. This modular system permits the OFPR-2D-SPC use in
most of the industrial applications. The plates are fully
thermostatized and can be operated in Dbatchwise or

continuously.

In order to provide the 1ligquid or multiphase fluid

oscillation in the OFPR-2D-SPC, an oscillatory unit is used.
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Brief description of the Figures

For a better understanding of the technology, some figures
are attached representing preferred embodiments of the
present technology which, however, are not to be construed
as being limiting other possible embodiments falling within

the scope of protection.

Figure 1 illustrates the state of the art of the reactor
based on Smooth Periodic Constrictions used in tubes with
circle cross section. In particular, Figure 1 illustrates
the following elements:

D - Inner diameter of the straight section;

do - Shortest diameter of the convergent - divergent section;
L1 - Convergent - divergent section length;

L2 - Straight section length;

Figure 2 illustrates a view of the reactor, identifying the
design and the parameters that characterize the present
technology. In particular, Figure 2 illustrates the
following elements:

Dy - Tube width of the straight section;

dow - Shortest tube width of the convergent - divergent
section;
L1 - Convergent - divergent section length;

L2 - Straight section length;

® - Thickness perpendicular to xOy plane.

Figure 3 illustrates a sectional view of the reactor,
identifying the design and the parameters that characterize
the present technology. In particular, Figure 3 illustrates
the following elements:

1 — Reactor;
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2 - Straight section;
3 - Convergent section;
4 - Divergent section;
5 - Convergent - divergent section;

Dy - Tube width of the straight section;

dow - Shortest tube width of the convergent - divergent
section;

L - Distance between consecutive convergent sections;

L1 - Convergent - divergent section length;

L2 - Straight section length;

Rc - Radius of curvature of the sidewall of the convergent
section;
Rg - Radius of curvature of the sidewall of the divergent
section;
Rt - Radius of curvature at the convergent - divergent

section centre.

Figure 4 illustrates a plan view of the oscillatory flow
reactor apparatus based on plate reactor. In particular,
Figure 4 illustrates the following elements:

6 — plate reactor;

7 - jacket;

8 — reactor vessel based on 2D-SPC;
9 - mixing chamber;
10 - oscillatory unit;

11 - reactor inlet;

12 - jacket inlet;

13 - jacket outlet;

14 - inlet or outlet;

15 - reactor exit.

Dy — tube width of the straight section;

dow - Shortest tube width of the convergent - divergent

section;
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L1 - Convergent - divergent section length;

I, - Straight section length.

Description of embodiments

The present technology will now be described with reference
to the accompanying figures, which however are not to be
construed as being limiting other possible embodiments

falling within the scope of protection.

The present application relates to an apparatus for mixing
based on oscillatory flow plate reactors provided with 2D
smooth ©periodic constrictions. The ©present technology
comprises dimensions ranges that characterize the reactor
vessel provided with 2D smooth periodic constrictions
(Figure 2 and 3), here defined as convergent - divergent
section (5), and its arrangement in plates, as illustrated

on Figures 4.

In one embodiment, the said apparatus comprises a plate
reactor provided with a reactor vessel (8) provided with
smooth periodic constrictions (SPC), wherein the said smooth
periodic constrictions (SPC) are present in two parallels
faces of the rectangular or sgquare cross section tube,
characterizing the 2D smooth periodic constrictions; a
mixing chamber (92); and oscillation means to oscillate the

liquid or multiphase fluid within the reactor vessel.

The reactor vessel (8) may be made of metal, plastic, glass
or any ©porous material. The reactor vessel (8) is
characterized by a bundle of reactors (1), as illustrated on
Figure 2 and 3, that have alternatively straight sections
(2) and convergent - divergent sections (5). Each convergent

- divergent section (5) consists of a convergent section (3)
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and a divergent section (4). The convergent section (3)
gradually reduces its tube width, and the divergent section
(4) presents a gradually increasing the tube width. The
shortest tube width, obtained at the junction of convergent
section (3) and divergent section (4), is defined as dow. The
tube width (D) of the straight section (2) is larger than
dow. The convergent and divergent sections have a curved
sidewall defined by the radius of curvature (R¢) of the
sidewall of the convergent section (3), the radius of
curvature (Rgq) of the sidewall of the divergent section (4)
and the radius of curvature (R¢) at the convergent -

divergent section (5) centre.

In order to obtain the best mixing condition, the reactor
(1) shall fulfil the following conditions:

1. The distance (L) between consecutive convergent
sections (3) is 1 to b times the tube width (Dy) of the
straight section (2). That is L = 1-5Du;

2. The convergent - divergent section (5) length (Li) 1is
0.5 to 3 times the tube width (D) of the straight
section (2). That is L1 = 0.5-3Dy;

3. The shortest width (dow) of the convergent - divergent
section (5) is 0.1 to 0.5 times the tube width (D.) of
the straight section (2). That is dow = 0.1-0.5Dy;

4. The radius of curvature (R¢) of the sidewall of the
convergent section (3) is 0.1 to 0.5 times the tube
width (D) of the straight section (2). That is Rc
0.1-0.5Du;

5. The radius of curvature (Rq) of the sidewall of the
divergent section (4) is 0.1 to 0.5 times the tube width
(Dw) of the straight section (2). That is Rgq = 0.1-
0.5Du;
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6. The radius of curvature (R¢) at the convergent -
divergent section (5) centre is 0.1 to 0.5 times the
tube width (Dy) of the straight section (2). That is Rt
= 0.1-0.5Dy;

7. The open area (o) takes the values range between 10%

and 50%.

The reactor vessel (8) characterized by a bundle of reactors
(1) is incorporated in a plate reactor (6), as illustrated

on Figures 4.

The plate reactor (6) comprises a continuous serpentine
reactor vessel (8), characterized by a bundle of reactors
(1), and an external tube used as Jjacket (7) for reactor
vessel (8) thermostatization, or mass transfer, if reactor
vessel (8) is made of porous material. The plate reactor (6)
is build-up by stacking up at least two slices resulting in
tubes with rectangular or square cross section (x0z section
plane), rather than circle cross section presented in WO

2015/056156 [1], with a thickness perpendicular to x0y plane

(0). The edges of the reactor vessel (8) can be smoothed.
The Jjacket (7) has an inlet (12) and an outlet (13). This
reactor vessel (8) has at least two inlets or outlets (14),
to allow the addition of reactants or other substances, or
sample collection. The plate reactor (6) can be arranged in
parallel by stacking up the plates. The plate reactors (6)
are connected by U tubes. The first plate reactor (6) is
connected to an oscillatory unit (10), which induces a simple
harmonic motion to the fluid in the reactor vessel (8), by

a mixing chamber (9) provided with at least two inlets (11).

Figure 4 shows a plan view of the oscillatory flow reactor

apparatus based on plate reactor (6), constituted by an inner
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tube with rectangular or square cross section (x0z section
plane), here defined as reactor vessel (8), presenting a
bundle of reactors (1), an external tube used as Jjacket (7)
for reactor vessel (8) thermostatization, or mass transfer
if reactor vessel (8) 1is made of porous material, and at
least two inlets or outlets (14), to allow the addition of

reactants or other substances, or sample collection.

The plate reactors (6) can be closed using a close valve at

reactor exit (15).

The number, size and length of plate reactor (6) are designed

according to the system specification.

The plate reactors (6) can be operated in batchwise or

continuously.

The liquid or multiphase fluids are fed to the reactor vessel

(8) through the inlets (11) of the mixing chamber (9).

The liquid or multiphase fluid is oscillated in the axial
direction by means of oscillatory unit (10), developing an
efficient mixing mechanism where fluid moves from the walls
to the centre of the tube with intensity controlled by the
oscillation frequency (f) and amplitude (x0). The formation
and dissipation of eddies 1n the reactor results into
significant enhancement in processes such as heat transfer,

mass transfer, particle mixing and separation, beyond others.

The reactor will obtain the optimum mixing conditions when:

1. The distance (L) between consecutive convergent

sections (3) 1is 1 to 5 times the tube width (D) of the
straight section (2), preferably 3D;
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2. The convergent - divergent section (5) length (Li) is
0.5 to 3 times the tube width (Dy) of the straight
section (2), preferably 1.44D;

3. The shortest tube width (dow) of the convergent -
divergent section (5) 1s 0.1 to 0.5 times the tube
width (Dw) of the straight section (2), preferably
0.41D;

4. The radius of curvature (Rc) of the sidewall of the
convergent section (3) is 0.1 to 0.5 times the tube
width (Dy) of the straight section (2), preferably
0.47D;

5. The radius of curvature (Rgq) of the sidewall of the
divergent section (4) 1is 0.1 to 0.5 times the tube
width (Dy) of the straight section (2), preferably
0.47D;

6. The radius of curvature (R¢) at the convergent -
divergent section (5) centre is 0.1 to 0.5 times the
tube width (D) of the straight section (2), preferably
0.32D;

7. The thickness perpendicular to x0y plane (o) is 0.2 to
3 times the tube width (Dy) of the straight section (2),
preferably 0.63D;

8. The open area (o) takes the values range between 10%
and 50%, preferably, 41%;

9. The oscillation frequency of the medium is between 1
and 12 Hz;

10. The oscillation amplitude of the medium is between
0 and 0.5 times the distance (L) between consecutive

convergent sections (3).

The disclosed technology can be used in mass and heat

transfer intensification. In particular, the disclosed



WO 2017/175207 PCT/IB2017/052064
15

technology can be used in mixing intensification between

liquid/liquid, liquid/gas and liquid/solid phases.

The disclosed technology overcomes the disadvantages of the
conventional OFR, based on annular baffles, especially in
what concerns the dead =zones decreasing and the quick
cleaning process. The disclosed technology also overcomes
the disadvantages of the meso-OFR based on SPC, especially
in what concerns the decrease of the secondary nucleation,
agglomeration and clogging problems. The present invention
fulfils the gaps identified in WO 2015/056156, especially
when solids are involved, namely, solid deposition and

fouling, when low oscillatory conditions need to be imposed.

The disclosed technology relates to a plate reactor, which

can be assembled and disassembled easily for cleaning.

As the disclosed technology is based on a modular system, it
allows a quick reactor change according to industries’ needs,
a distinguishing and striking characteristic of other

reactors.

The disclosed technology can be operated in batchwise or
continuously, this characteristic Dbeing of particular
relevance in chemical, bio-chemical, biological and

pharmaceutical industry.

The disclosed technology offers unique features in
comparison with conventional chemical reactors. It is
suitable for multiphase applications such as screening
reactions, bioprocess, gas-liquid absorption, precipitation

and crystallization operating in batch or continuous mode.
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The description, of course, is in no way limited to the
embodiments described in this document and any person skilled
in the art may envisage many possibilities of modifying it,

sticking to the disclosed concept, as defined in the claims.

The preferred embodiments described above may obviously be
combined together. The following claims define additiocnally

some preferred embodiments.
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CLAIMS

1. An apparatus for mixing intensification comprising:

- A plate reactor provided with a reactor vessel
provided with smooth periodic constrictions (SPC),
wherein the said smooth periodic constrictions (SPC)
are present in two parallels faces of the rectangular
Oor square cross section tube, characterizing the 2D
smooth periodic constrictions;

- A mixing chamber;

- Oscillation means to oscillate the 1ligquid or

multiphase fluid within the reactor vessel.

2. An apparatus according to the previous claim, wherein
said plate reactor is build-up by stacking two or more
slices resulting in tubes with rectangular or square

cross section.

3. An apparatus according to any of the previous claims,
wherein said reactor vessel 1is provided with smooth

edges.

4., An apparatus according to any of the previous claims,
wherein said reactor vessel is provided with at least

two inlets or outlets.

5. An apparatus according to any of the previous claims,
wherein said reactor ©plate is assemblable and

disassemblable.

6. An apparatus according to any of the previous claims,

wherein said reactor vessel 1s in the form of single
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10.

11.

12.

13.
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plate reactor or at least two plate reactors, displaced

in parallel, by stack up the plates.

An apparatus according to any of the previous claims,

wherein said reactor vessel is totally thermostatized.

An apparatus according to any of the previous claims,

wherein the said apparatus comprises a jacket.

An apparatus according to any of the previous claims,
wherein the mixing chamber is provided with at least

two inlet or outlet ports.

An apparatus according to any of the previous claims,
wherein the distance (L) between consecutive convergent
sections 1is 1 to 5 times the tube width (Dw) of the

straight section.

An apparatus according to any of the previous claims,
wherein the convergent - divergent section length (Li)
of the reactor vessel is 0.5 to 3 times the tube width

(Dw) of the straight section.

An apparatus according to any of the previous claims,
wherein the shortest tube width (dow) of the convergent
— divergent section of the reactor vessel is 0.1 to 0.5

times the tube width (Dy) of the straight section.

An apparatus according to any of the previous claims,
wherein the radius of curvature (Rc) of the sidewall of
the convergent section of the reactor wvessel is 0.1 to

0.5 times the tube width (Dw) of the straight section.
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An apparatus according to any of the previous claims,
wherein the radius of curvature (R4q) of the sidewall of
the divergent section of the reactor vessel is 0.1 to

0.5 times the tube width (Dw) of the straight section.

An apparatus according to any of the previous claims,
wherein the radius of curvature (R:) at the convergent -
divergent section centre of the reactor vessel is 0.1 to

0.5 times the tube width (Dw) of the straight section.

An apparatus according to any of the previous claims,
wherein the thickness perpendicular to x0y plane (o) is

0.2 to 3 times the tube width (Dy) of the straight section.

An apparatus according to any of the previous claims,

wherein the open area (o) i1s between 10% and 50%.

Use of the apparatus disclosed in any one of the previous
claims in multiphase applications such as screening
reactions, bioprocess, gas-liquid absorption, liquid-

liquid extraction, precipitation and crystallization.
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