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GRAPHICAL ABSTRACT

B e

Tt o

Numerical simulationby CFD ’ ——

n’. | Y T —
¢ vI=em o
l:, — e %
3 Vi-am T
Lo — -,
:'; s . — % -
o m—— - —~|
03 1Te00 eTo08
[ _ = o I‘
Tracer paiterns by e e Arcal distribution of
injection position mixing intensity

ABSTRACT

In the current literature, there is limited information on the influence of operating parameters on spatial
mixing quality and how a secondary feed should be introduced into continuous oscillatory baffled reac
tors (COBR) to achieve good mixing quality. This work explores for the first time the impact of the posi
tion of a secondary feed (passive non reactive tracer) on spatial mixing performance in a COBR using
transient laminar CFD simulations. Three theoretical feed positions are studied covering a range of net
flow and oscillatory Reynolds numbers (Ren: = 6 27/Re, =24 96), the range being chosen to ensure
that the flow field remains two dimensional in all cases. Macromixing is evaluated by analysing the spa
tial uniformity of the tracer with the areal distribution method developed by Alberini et al. (2014a).
Introduction of the secondary stream at the reactor wall or upstream of the edge of the first baffle greatly
improves mixing quality due to the recirculation eddies, which assist radial mixing. However, introduc
tion of the secondary feed at the centreline results in high axial dispersion with limited radial mixing.
With an adequate introduction position, mixing quality typically increases with an increment in the
velocity ratio. Nevertheless, if the net flow is too low, mixing performance decreases because the sec
ondary stream is pushed upstream of the baffles, where it does not benefit from flow recirculation.

1. Introduction

Due to the combination of net flow and pulsations, as well as
the interaction of this flow with baffles, continuous oscillatory baf
fled reactors (COBRs) offer interesting advantages over traditional
mixing processes in stirred tanks and provide a means for process
intensification. A schematic diagram of a COBR, composed of a tube



Nomenclature
c dimensionless tracer concentration ( ) t time (s)
(o local dimensionless tracer concentration at thetime t ( ) T oscillation period (s)
G local scalar concentration of the tracerattime t (kgm 3)  uj, initial velocity (ms ')
u instantaneous velocity (m s ')
Co concentration of tracer in the injection source (kg m 3) u mean velocity (ms ')
C fully mixed concentration (kg m 3) Uner net velocity (m s ')
Cx lower limit of mixedness range ( ) Umax maximal velocity (Une¢ + 27tX,) (m s 1)
Cx, upper limit of mixedness range ( ) vr radial velocity (ms ')
D COBR diameter (m) v, axial velocity (cylindrical coordinate) (m s ')
Dy diffusion coefficient (m?s ') Vo tangential velocity (m s )
f oscillation frequency (Hz) Uy axial velocity (cartesian coordinate) (ms ')
[ distance between baffles (m) u velocity vector (m s )
p pressure (Pa) X0 oscillation amplitude (m)
q volumetric flow rate at the tracer inlet (m® s ') x.,y,z  cartesian coordinates (m)
Q volumetric flow rate at the COBR inlet (m3s 1) X percentage of perfectly mixed state ( )
R radius of reactor (m)
Rerer net flow Reynold number ( ) Greek symbols
Re, oscillatory Reynolds number ( ) U dynamic viscosity (Pa s)
r radial coordinate (m) p fluid density (kg m 3)
Tn radial number ( ) T shear stress tensor (Pa)
Sc Schmidt number ( ) v velocity ratio ( )
Sc mass source of tracer (kg m s 1)
Sn swirl number ( )
St Strouhal number ( )
with single orifice plate baffles, is shown in Fig. 1. The interaction ¢, D 3)
of the pulsed flow with baffles creates complex hydrodynamics 47X,
with recirculating eddies in COBRs, resulting in effective mixing,
mass and heat transfer, as well as plug flow in both laminar and Re,
transitional flow regimes (Mackley and Stonestreet, 1995; Ni v Reper “

et al.,, 2000; Stephens and Mackley, 2002) and in compact geome
tries (i.e. reduced length to diameter ratio tube) (Harvey et al.,
2001).

Continuous oscillatory flow in COBRs is characterized by differ
ent dimensionless numbers, such as the net flow Reynolds number
(Rene), oscillatory Reynolds number (Re,), Strouhal number (St),
and velocity ratio (¢), which are defined as:

P unct D

Renpe

(1)
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Net flow

Superimposed
necillatory flow

Fig. 1. Schematic diagram of a continuous oscillatory baffled reactor with a
standard single orifice plate geometry.

where p is the fluid density, un is the net velocity magnitude, D is
the pipe diameter, p is the dynamic viscosity, f is the frequency of
oscillation, and x, is the oscillation amplitude.

InRe,, the characteristic velocity is the maximum oscillatory
velocity. Re, has been used to describe the intensity of mixing in
the COBR and Stonestreet and Van Der Veeken (1999) identified
different flow regimes. For Re, <250, the flow is essentially
2 dimensional and axi symmetric with low mixing intensity; for
Re, > 250, the flow becomes 3 dimensional and mixing is more
intense; finally, when Re, > 2000, the flow is fully turbulent. The
Strouhal number measures the effective eddy propagation with
relation to the tube diameter. Higher values of St induce the prop
agation of the eddies into the next baffle zone(Ahmedet al.,2017).
The most common range of the Strouhal number used in the liter
ature is 0.15 < St < 4 (Abbott et al., 2013). The velocity ratio, ¥,
describes the relationship between the oscillatory and net flow. It
is typically recommended to operate at a velocity ratio greater than
1 to ensure that the oscillatory flow dominates the superimposed
net flow (Stonestreet and Van Der Veeken, 1999). This ratio has
been used largely to describe the plug flow behaviour in the COBR.

Amongst the different works that study mixing in COBRs, most
have focused on flow patterns, velocity profiles, plug behaviour
(Dickens et al., 1989; Hewgill et al., 1993; Kacker et al., 2017;
Mackley and Ni, 1993; Manninen et al.,, 2013; Ni, 1995; Phan and
Harvey, 2010, 2011), or the conversion rate of chemical reactions
(Eze et al, 2017; Harvey et al., 2003; Lobry et al., 2014;
Mazubert et al., 2015; Phan et al., 2012; Soufi et al., 2017). These
velodty profiles and flow patterns, which have been determined
by Particle Image Velocimetry (PIV) or Computational Fluids
Dynamics (CFD) (Amokrane et al., 2014; Gonzilez Juarez et al.,
2017; Mazubert et al, 2016a; McDonough et al, 2017;



Ni et al., 2003), are used to understand how the geometrical
parameters and dimensionless groups affect the hydrodynamics
of the continuous oscillatory flow.

Concerning the characterisation of mixing quality, the main
objectives of the previous work presented in the literature are to
evaluate the plug flow behaviour via the residence time distribu
tion (RTD) and to determine the operating conditions required to
achieve the narrowest RTD (Abbott et al., 2014; Dickens et al.,
1989; Kacker et al,, 2017; Mackley and Ni, 1991; Reis et al,,
2004). Most of these studies are experimental and have analysed
the dispersion of a pulse injection of homogeneous tracer in the
continuous phase as a function of the oscillatory and net flow con
ditions, as well as the geometrical parameters of the COBR. From
these studies, the recommended range of the oscillatory to net
velocity ratio, i, to ensure plug flow operation (such that radial
flow dominates and limits axial dispersion) is between 2 and 4
(Stonestreet and Van Der Veeken, 1999). However, these recom
mendations are not always used in practice. For example, many
continuous crystallization processes in oscillatory baffled reactors
have been operated with velocity ratios near the upper limit of
the recommended range, or even with higher values, to ensure
solid suspension and uniform particle size and distribution
(Briggs et al., 2015; Kacker et al., 2017; Pefia et al, 2017;
Siddique et al., 2015; Zhao et al., 2014). Indeed, whilst RTD mea
surements are a good means to characterize mixing in COBRs for
operations that require long residence times (e.g. crystallisation
and polymerisation), plug flow and RTD may not necessarily be
the only characteristics that should be taken into consideration
when operating conditions are chosen for this type of reactor.
Indeed, depending on the process objective, other characteristics
may be important for quantifying mixing, such as the spatial
homogeneity of a minor species or a second phase (e.g. solid sus
pension), or even micromixing and how fast the fluids are mixed
(Kukukova et al., 2009).

Very few studies have addressed mixing performance in COBRs
in other ways than evaluating RTD. Ni et al. (1998) characterized
oscillatory baffled columns using the time necessary for a tracer
to reach a specific uniform concentration into the column.
Mazubert et al., 2016a, 2016b developed methods to evaluate
radial and axial fluid stretching and shear strain rate history in
the COBR. The first method allows spatial mixing to be assessed
and to identify the presence of chaotic flow; the second technique
is useful for operations that are shear dependent, e.g. droplet break
up. McDonough et al. (2017) characterized mixing in a COBR with
helical baffles using PIV and numerical simulation. They used the
swirl and radial numbers to identify whether mixing is dominated
by swirl or vortex flows. The swirl number describes the ratio of
the axial flux of angular momentum to the axial flux of linear
momentum:

J7 vovertdr

S R [ v2rdr (3)

where v, and v, are the axial and tangential velocity components, r
is the radial position, and R the hydraulic radius. The radial number
compares the axial flux of radial momentum to the axial flux of
axial momentum:

J; vverdr
o ©

In a more recent study, McDonough et al. (2019) characterized
micromixing in different meso COBR geometries with the
Villermaux Dushman test reaction, which is of interest for fast
reactions or operations with fast kinetics such as precipitations.

Considering the current information on mixing in COBRs avail
able in the literature, there is little knowledge on the effect of oper

n

ating parameters on spatial mixing quality and how a secondary
feed should be injected into the COBR to achieve good mixing per
formance. Indeed, improved mixing performance would typically
lead to enhanced process performance, however it could also lead
to more compact reactor designs and provide opportunities for
new applications (other than reactions with slow kinetics), e.g.
precipitation/crystallization processes that require long residence
times to allow particle or crystal growth, but also fast mixing in
the first stage of the reactor.

Determination of spatial mixing quality in COBRs requires
knowledge of concentration fields of a tracer in cross sections
along the length of the reactor. Whilst information of this type
can be obtained experimentally using Planar Laser Induced Fluo
rescence (PLIF), its application to COBRs (in which mixing relies
on the interaction of oscillatory flow with the reactor baffles
upstream of the measurement plane) is technically not feasible.
CFD simulations are therefore an attractive solution to evaluate
three dimensional spatial mixing quality in COBRs. Nevertheless,
such simulations are not without major challenges, including the
need for a highly refined mesh on a sufficiently long reactor model
and the consequent computational resources in order to correctly
resolve the time dependent concentration gradients.

The objective of this study is to begin to explore the impact of
the position where a secondary feed enters the COBR on the spatial
mixing quality. To do this, transient laminar flow CFD simulations
are performed for a passive non reactive tracer, which is released
in the COBR in three theoretical ways in a NiTech® COBR with
smooth constrictions. The simulations enable access to time
resolved concentration fields throughout the volume of the reactor
and the influence of operating conditions on macromixing perfor
mance is evaluated by analysing the spatial uniformity of the tra
cer using the areal distribution method developed by Alberini
et al. (2014a).

2. Characterization of mixing performance
2.1. Statistical analysis of concentration distribution

Mixing performance was evaluated by studying the tracer con
centration over the reactor length. The uniformity of tracer concen
tration is assessed at different cross sections in the COBR, each
located midway between baffles. The dimensionless tracer concen
tration in each computational cell, (j, is:

G = (7)

where C;is the instantaneous tracer concentration and C corre
sponds to the fully mixed concentration assuming perfect blending
of the tracer:

ol

where C is the concentration of tracer in the injected fluid, q is the
mass flow of tracer and Q is the net flow rate.

The plane averaged concentration, C*, of the non reactive tracer
over cross sections at each time step of the transient solution and
different times of the oscillatory cycle, t/T, was then calculated. If

C" > C, it is referred to in this study as overly concentrated.

2.2. Areal distribution of mixing intensity

The areal distribution method enables mixing intensity in lam
inar flow to be analysed by considering areas in a cross section that
have the same level of mixing (Alberini et al., 2014a). The results of



the areal distribution of mixing intensity represent a record of how
tracer is mixed over time, taking into account both the intensity of
segregation (or uniformity of concentration) and the scale of segre
gation. This methodology enables identification of poorly mixed
areas (both over concentrated and under concentrated regions),
unlike the coefficient of variance or maximum striation thickness,
which can lead to misleadinginterpretation of mixing performance
when used separately (Alberini et al., 2014a; Kukukova et al., 2009,
2011).

In practice, the areal distribution method analyses the distribu
tion of concentration at different cross sections in the flow that
have been obtained by either experimental (e.g. PLIF) or numerical

techniques. Based on the perfectly mixed concentration criterionC,
the limits for a certain level of mixing, X%, can be defined. For
example, to determine the amount of the cross sectional area that
is in a state of 90% mixing or greater, two limits are firstly defined:

Cx 09CandCx, 1.1C.The total area whereby the concentra

tion satisfies Cx < Ci < Cx; is then determined and this corre

sponds to the amount of fluid in the cross section, which is 90%
mixed or greater.

3. Numerical method
3.1. Geometry and operating conditions

The geometry studied is the NiTech® COBR, which is a single
orifice baffled reactor with smooth constrictions, as shown in
Fig. 2(a). The COBR tube has a diameter of 15 mm with 7.5 mm
diameter orifices; the distance between orifices (or inter baffle
spacing), lp, is 16.9 mm. The model test section comprises a tube
of length 144.5 mm and five orifices. A smooth reduction at the ori
fices is modelled to best represent the real geometry of the
NiTech® glass COBR, as shown in Fig. 2(b).

The fluid considered in these simulations is a single phase fluid
with density p = 997 kg/m? and dynamic viscosityt 2 x 10 2Pa.
s. Isothermal conditions are assumed. A Schmidt number (Sc) of

1000 is chosen, as this is characteristic of miscible liquid liquid
systems.

A 2*factorial design is chosen to study the interaction between
oscillatory conditions(frequency and amplitude) and net flow, and
theirinfluence on the mixing performance. Two different levels are
studied for each of the three variables and Table 1 lists the condi
tions used. The oscillatory frequency is set at either 1 Hz or 2 Hz
and the oscillatory amplitude is either 5 mm or 10 mm, which cor
responds to 30% and 60% of the baffle spacing. These values of
amplitude fall in the optimal operational range of amplitudes
described in previous studies (Brunold et al., 1989; Gough et al.,
1997; Soufi et al., 2017). The net flow and oscillatory Reynolds
numbers corresponding to these conditions are in the ranges 6
27 and 24 96, respectively, ensuring axi symmetrical laminar flow
since it is well below the chaotic flow transition, i.e. for oscillatory
Reynolds numbers less than 250 (Stonestreet and Van Der Veeken,
1999; Zheng et al., 2007). These flow conditions enable the COBR to
be modelled in 2D, allowing computational times to be reduced
drastically. To obtain a wider vision of the influence of operating
conditions on mixing quality in the first sections of the reactor,
the simulations cover values of the velocity ratio ¥ outside the
range for plug flow as recommended by Stonestreet and Van Der
Veeken (1999).

In order to analyse mixing performance, a passive inert tracer is
introduced into the reactor. The presence of this tracer has a min
imal effect on the hydrodynamic flow of the fluid since the flow

rate ratio (—é;) is set to 3 x 10™. It should be noted that the final

results do not depend on this value since the concentration data
are presented relative to the well mixed state. The tracer is intro

duced continuously at three different theoretical locations in the
COBR. Source 0 is located at the centreline of the COBR, Source 1
is upstream of the edge of the first baffle, and Source 2 is at the wall
of the reactor. Source O represents a coaxial source, and Sources 1
and 2 are annular sources, as shown in Fig. 2(b). Whilst the latter
two are not practical possibilities for feed streams, the differences
in the three locations enable the impact of the inlet location on

Net flow_,

Tracer sourccs Source 2

Planc! Planc2 Planc3 Planc4

/-”"'_'.‘f'o.t'm\.j &
/ Source ¢

(b)

Fig. 2. (a) Photograph of the NiTech® COBR and (b) the geometry of the COBR simulated by CFD with the location of tracer sources and monitoring planes.



Table 1
Experimental conditions proposed by 2*factorial design.

Case Qlh MY f(Hz) Xo(mm) Renet Re, 4
1 22.8 1 5 27 24 0.9
2 22.8 2 5 27 48 1.8
3 22.8 1 10 27 48 1.8
4 22.8 2 10 27 96 3.6
5 5.1 1 5 6 24 4.0
6 5.1 1 10 6 48 8.0
7 5.1 2 5 6 48 8.0
8 5.1 2 10 6 96 16.0

mixing to be evaluated. Due to the oscillatory flow, the tracer can
flow out of the inlet and outlet boundaries. However, when the
flow re enters the reactor it does not contain any tracer. This can
result in erroneous concentration fields. Therefore, in order to
guarantee that tracer is not lost via the inlet boundary condition,
and that any the tracer that leaves and returns as new fluid (with
out tracer) via the outlet does not reach the baffled zone, 30 mm
portions of straight pipe have been added before and after the baf
fled zone. Tracer concentration and mixing performance are anal
ysed as described in Section 2 on four cross sectional planes
located between the baffles, which are depicted in Fig. 2(b).

The numerical simulations of the flow in the COBR have been
performed using the commercial package ANSYS Fluent 2019R3,
which applies a finite volume discretization to solve the Navier
Stokes equations.

For incompressible, laminar, Newtonian flow, the transient
Navier Stokes equations for mass and momentum conservation
are:

3
V-u ZSC{
il

o(pu)
at

The boundary condition at the inlet of the COBR is described by
a time dependent velocity profile:

Uiy Zu(l (%)2>

where r is the radial position R is the radius of the reactor and the

mean velocity, u, is the sum of the velocity of the net flow and the
oscillatory flow given by:

9)

+V .- (puxu) Vp+V.1 (10)

(11)

U Uper + 270fXoSIN27TfE). (12)

The gauge pressure was set to zero at the outlet and the tube
wall was set to have no slip.

The transport of the tracer is described by the scalar transport
equation without chemical reaction for incompressible flow:
aC;

m +V-(Cu) V- (DVG) Sa (13)
where S¢ is a source term that is used to inject the tracer into var
ious zones in the domain, as described above. The diffusion coeffi
cient Dy was set to give a Schmidt number of 1000. The
concentration value was set to zero at the inlet and at the start of
the simulation.

As will be evident in the next section, extremely fine meshes are
needed to avoid numerical diffusion of the high Schmidt number
scalars. Our previous simulations to study the hydrodynamics
(Avila et al., 2020) used ANSYS CFX, simulating a wedge of the true
geometry. However, for the study of mass transfer it soon became
evident that massively finer meshes are needed and that there

would be significant benefits in using ANSYS Fluent for these sim

ulations. This is because ANSYS Fluent allows the use of a true 2D
axisymmetric solver, thereby reducing the mesh requirement and
reducing the number of equations to be solved. It also contains
non iterative solvers that provide very fast transient simulations.
Here the fractional timestep method was employed to couple pres
sure and velocity. Finally, ANSYS Fluent has high order differencing
schemes, which are not present in ANSYS CFX. Here gradients were
calculated by the Green Gauss nodal scheme, pressure via a second
order method, momentum using the third order QUICK scheme,
mass fractions using the third order bounded MUSCL scheme and
the bounded second order scheme was applied to the time deriva
tives. A non dimensional local residual convergence target was set
to 10 °.

3.2. Meshing and solution independence

Simulations were performed to determine the mesh require
ment to obtain effectively mesh independent solutions. The 2D
mesh was constructed in ANSYS Meshing using a paving algorithm,
which used mostly quadrilateral cells whilst occasionally introduc
ing triangular cells to fit geometric constraints. The starting point
was a mesh size of 350 um that was shown to give mesh indepen
dent simulations for the hydrodynamics (Avila et al., 2020); this
mesh was then progressively refined with the smallest cell size
used being 30 pm.

Several cases with different oscillating and net flow operating
conditions were studied, however for the sake of brevity, only
the worst case scenario is presented. This occurs when there is
high net flow causing high Péclet numbers. Fig. 3 contains the
mesh dependency of the axial velocity and the tracer concentration
when released from the axis and mid baffle sources. Data are pre
sented in non dimensional form. It is evident from Fig. 3(a) that
the velocity field is mesh independent using a 350 um mesh, which
is consistent with the observation made in our earlier work using
ANSYS CFX (Avila et al., 2020). However, when using this mesh
size, the concentrations are highly diffused. For the axial injection
(Source 0) the results are almost mesh independent for a 100 um
mesh and are definitely independent for a 50 um mesh. For
Source 1 it is apparent that the very thin striation is not yet fully
mesh independent for the 30 um mesh but the shape of the profile
is not too different to that for the 50 um mesh.

Based on the above results and the analysis of other cases, it
was decided to use a 50 pm mesh as a good compromise between
accuracy and computing time. This mesh size gave a cell count of
1.46 million for the computational domain. Additionally, timestep
independence was tested and observed to be achieved with 500
steps per period. The use of second order time differencing proved
to be important in achieving independence with this timestep size.

4. Results and discussion

To study the effect of oscillatory conditions and tracer source
position (as shown in Fig. 2(b)) on the mixing performance in the
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Fig 3. Radial variation of (3) axial velocity and scalars released (b) at the axis
(Source 0) and (c) mid-baffle (Source 1) at one quarter of the time through the first
period for Case 1. The legend gives the mesh size in microns.

COBR, the dispersion of an inert tracer was simulated. Mixing per
formance was assessed after the average tracer concentration val
ues at the different monitoring planeshad reached a pseudo steady
state (i.e. data do not present differences between consecutive
oscillatory periods).

4.1. Flow and tracer pattems

Fig. 4 shows the velocity vectors over an oscillatory cycle for
Case5(Re,; 6,Re, 24,y =4).Inthis figure, the process of flow
separation, generation, propagation and detachment of vortices

can be observed at different stages of flow acceleration and decel

eration during the oscillatory period. During the start of accelera

tion (for both the forward and backward phases, Fig. 4(a) and
(d)), flow separation begins and small eddy structures, which are
not longer than the baffle width, are generated in front or behind
the baffle constrictions, depending of the direction of the flow. As
the cycle progresses, the toroidal vortex propagates towards the
next baffle, until the flow speed reaches its maximum value
(Fig. 4(b) and (e)). Once the flow reversal phase starts, the vortex
grows to fill most of the space between the baffles until the flow
begins to be completely reversed (Fig. 4(c) and (f)). With the
decrease of the velocity during the flow reversal, the vortex acts
as an obstacle. This makes the flow move along the reactor wall,
detaching the toroidal vortex from the wall and engulfing it into
the centre of the reactor at the start of flow acceleration and the
cycle starts again (Fig. 4(a)). The generation and presence of vor

tices in the baffle area and their displacement from the wall to
the centre of the reactor ensures radial mixing, unlike laminar flow
in a straight tube. These flow patterns have already been identified
in both OBR and COBR in the literature (Brunold et al., 1989; Gough
et al., 1997; Mazubert et al., 2016a; Ni et al., 2002).

The tracer patterns are strongly influenced by the synergy of the
source position, and the net and oscillatory flows. To better under
stand this interaction, Fig. 5 shows the evolution of the tracer dis
tribution over one oscillatory cycle for the different source
locations using Case 1 as an example. Case 1 has a net Reynolds
number of 27 and a velocity ratio equal to 0.9. Fig. 5(a) shows that
when the tracer is introduced at the centre of the tube, it is trans
ported down the central axis of the reactor, creating a region of
highly concentrated tracer. The eddies created by the interaction
of the oscillatory flow with the baffles do not enable effective radial
mixing of the tracer. On the other hand, when the tracer is intro
duced from Source 1, which is in line with the baffle edge midway
between the centre and the wall of the tube as shown in Fig. 5(b), it
can be seen that there is an improvement in radial mixing of the
tracer along the reactor, resulting in an increase in the homogene
ity and reaching values ofC* between 25 and 75% in the length of
reactor simulated. A region of highly concentrated tracer is still
present; however, it is disrupted by the baffle edge and then moves
down the reactor over the oscillation cycle. This pattern allows
shorter mixing lengths to be obtained compared with Source 0.
Fig. 5(c) shows the concentration fields when the tracer is intro
duced at the wall at Source 2. In this case, the tracer moves slowly
along the wall (where the axial velocity is close to zero), until it
reaches the first orifice baftle. Due to the interaction of the oscilla
tory flow with the baffles and the subsequent eddies that are cre
ated, the tracer is then distributed radially. However, unlike with
Source 1, a jet of fluid without tracer dominates the centreline of
the reactor that is slowly mixed with the tracer by diffusion as
the flow moves down the reactor.

4.2. Mixing performance

The mixing quality in the COBR can be quantified by analysing
the tracer concentrations at different cross sections using the
areal based distribution of mixing method. Fig. 6 gives an example
of concentration fields on Plane 4 for Case 1 when the tracer is
introduced at the wall (Source 2). This figure highlights the inho
mogeneity of tracer concentration across the cross section. The
data are used to determine distributions of mixing quality. Figs. 7
and 8 present the distributions of mixing quality (averaged over
one oscillation period) at Plane 4 for the different cases studied
and two different source positions, Source 1 and Source 2. These
distributions enable the impact of operating conditions on mixing
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Fig. 5. Effect of source position on tracer patterns over a flow period(T) for Case 1 (Reper 27, f

quality to be clearly seen and will be discussed in detail in the fol
lowing paragraphs.

4.2.1. Influence of the frequency

The influence of the oscillatory frequency on the mixing perfor
mance can be studied by comparing Cases 1 & 2, Cases 3 & 4, Cases
5 & 7 and Cases 6 & 8 in Figs. 7 and 8 for Source 1 and Source 2,
respectively. For both source positions and for almost all cases,
an increase in oscillation frequency (from 1 to 2 Hz) improves
the mixing quality. An exception to this is at high oscillation ampli
tude (x,/lb  0.6) and a low net Reynolds number (Req.: 6), i.e.
Cases 6 and 8, whereby the increased oscillation frequency in Case
8 does notimprove mixing performance. An explanation for this is
discussed in Section 4.2.5.

t/T =0.80
t/T =0.90

t/T=0.50
t/T =0.60
t/T=0.70
t/T=0.80

t/T=0.90

1Hz, x, S5 mmj). (a)Source 0, (b)Source 1, (¢) Source 2.

4.2.2. Influence of the amplitude

The effect of the oscillation amplitude on mixing can be
assessed by comparing Cases 1 & 3, Cases 2 & 4, Cases 5 & 6 and
Cases 7 & 8. In all cases, the amplitude is increased from 5 to
10 mm at different net Reynolds numbers. An analysis of these
results shows that there is no clear trend of the effect of oscillation
amplitude on mixing quality, neither for high nor low net Reynolds
numbers. This is different than what is observed for mixing in
batch OBRs, whereby higher oscillatory conditions typically lead
to improved mixing (Mackley and Neves Saraiva, 1999; Ni et al,
1998). Indeed, isolating the effect of oscillatory flow on mixing
COBRs without taking into account the influence of the net flow
is extremely complicated since it is the interaction between the
pulsed flow, the net flow and the baffles that generates complex
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flow patterns that are responsible for mixing (Mazubert et al.,
2016a).

4.2.3. Synergy of the oscillatory frequency and amplitude

Comparison of Cases 2 & 3 (Repee 27, Reo 48, ¥ = 1.8) and
Cases6 & 7 (Re,y 6,Re, 48,y =8) enables the impact of oscil
latory conditions and net Reynolds number on mixing to be
assessed. At the same oscillatory Reynolds number and velocity
ratio, working with high frequencies and small amplitudes results
in better mixing quality than with low frequencies and high ampli
tudes. For cases with ) = 1.8 (Cases 2 & 3) and = 8 (Cases 6 & 7)
and Source 1, the interaction of the tracer with the baffle due to the
pulsed flow is similar to that shown in Fig. 5(b) for Case 1. How
ever, at higher amplitudes the tracer is transported further with
each oscillation and it does not have the possibility to mix suffi
ciently in short distances. On the other hand, a smaller amplitude
allows better interaction of the tracer with the flow and faster mix
ing. Cases with |y = 8 demonstrate better mixing quality than cases
with i = 1.8 due to the higher velocity ratio. Indeed, the lower net
flow rate allows the tracer to spend more time in the cell between
two baffles, where it is recirculated and mixed due to the gener
ated eddies before being transported along the reactor to the next
cell.

4.2.4. Influence of the source position

Fig. 9 presents a summary of the mixing quality at different
axial positions along the COBR for all of the different operating
conditions and tracer source positions. The graph shows the area
fraction of each plane that is well mixed, i.e. that corresponds to
>90% of the perfectly mixed state. The effect of the source position
can be clearly observed by comparing Fig. 9(a), (b) and (c). In a gen
eral manner, as is expected, all source positions show that mixing
performance improves along the reactor. Source 2 from Case 8 is an
exception to this and is discussed later. When the tracer is intro
duced at the centre of the tube (Source 0), poor mixing perfor
mance is observed for most operating conditions since the tracer
is transported down the centreline of the reactor without interact
ing with the recirculating eddies. This source position results in
significant axial dispersion and radial mixing is limited, reaching
values up to 30% of the perfectly mixed state in the best cases.
There is a clear improvement in mixing quality when the tracer
source is close to the reactor wall (Source 2). It is interesting to
point out that this is a different result than that found by
Alberini et al. (2014b) for mixing in a Kenics static mixer. They
found poorest mixing performance with a wall source, whilst the
central source provided good mixing. Indeed, a static mixer ele

ment spans the entire cross section of the tube so high axial dis

persion along the centreline of the tube is not possible, unlike in
the single orifice baffle geometry studied here. It is expected that
mixing would be greatly improved in the COBR with a centreline
source if other baffle geometries, e.g. multiple orifice plates or even
static mixer elements, are used.

4.2.5. Influence of the velocity ratio

In a general manner, it can be seen from Fig. 9 that the net Rey
nolds number also plays an important role in mixing. In laminar
flow, a lower net Reynolds number provides improved mixing
quality and shorter mixing lengths since the residence time is
longer and the tracer has more time to recirculate and mix by dif
fusion. However, the ratio of the oscillatory flow to the net flow, or
velocity ratio, is also important and the impact of this is shown by
comparing Cases1 & 5, Cases 3 &6, Cases 4 & 8,and Cases2 &7, in
which case the oscillatory conditions are kept constant and the
velocity ratio is increased by decreasing the net Reynolds number.
In general, an increase in the velocity ratio results in an improved
mixing performance. To understand this better, the tracer concen
tration fields for Case 7 (¥ = 8) and all three source locations are
shown in Fig. 10. When operating with a higher velocity ratio, i.e.
the oscillatory flow dominates, the net flow does not transport
the tracer too far along the reactor, allowing it to mix and diffuse
in the cells between baffles due to the recirculating flow. Neverthe
less, it appears that if the velocity ratio is too high, mixing perfor
mance is hindered and this is illustrated with the results of Case 8,
where = 16, as shown in Fig. 11. Under this condition, the net
flow has a small influence on the oscillatory flow and the COBR
starts to operate more like a batch OBR. In this case, a large portion
of the tracer gets pushed backwards, upstream of the source posi
tion, such that the tracer starts to mix before reaching the baffled
zone. However, mixing here is slow since there are no recirculating
eddies to enhance the transport process. Mixing quality would be
expected to improve for the same operating conditions if the
source location is situated within the baffled zone. In this position,
the dye that is pushed upstream will still be within the baffle zone,
profiting from eddies and recirculation flow (similar to those for
Case 7), and enhancing mixing performance. When the tracer
source is close to the wall where the axial velocity is close to zero,
the tracer spends more time in the vicinity of the source before
being pushed down the reactor, explaining the better mixing per
formance at early planes seen in Fig. 9(c).

The velocity ratio has an important influence in the reversed
flow phase of the oscillatory cycle. When y = 09 (Case 1), the
net flow dominates over the oscillatory flow, causing the reverse
flow portion of the cycle to be small. The absence of fully reversing
flow causes a deceleration of the net flow. This condition does not
allow the eddies created between consecutive baffles to move to
the centre of the reactor due to the difference between the velocity
magnitudes at the centreline and the baffle zone, which increases
axial mixing and decreases radial mixing. As Y increases, the time
fraction over which reverse flow occurs during the oscillatory cycle
increases and the vortices start to interact with the net flow,
enhancing radial mixing and decreasing axial mixing. For { = 1.8
(Cases 2 & 3) reverse flow occurs for At/T 0.3 of the overall flow
cycle, at yy = 8 (Cases 6 & 7) it is for At/T 0.46 and at y = 16 (Case
8)itis forAt/T 0.48. As Y increases, the COBR behaves more like
a batch OBR, having reverse flow at close to At/T  0.5. For some
value of the velocity ratio between i = 8 and Y = 16, the influence
of the reverse flow over the net flow becomes preponderant and
the oscillatory conditions become detrimental to the mixing per
formance due the backward flux of tracer. This explains the reduc
tion of mixing performance when increasing the frequency from
1 Hz in Case 6, to 2 Hz in Case 8.
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5. Conclusions

The impact of oscillatory and flow parameters (frequency,
amplitude and velocity ratio) and tracer source position on mixing
quality in a COBR were studied through CFD simulations. Introduc
tion of the tracer at the reactor wall or approximately midway
between the wall and the centre of the tube (in front of the first
orifice baffle) results in significantly better mixing performance

than when it is introduced at the tube centreline. The latter results
in high axial dispersion with limited radial mixing; thisis primarily
due to the orifice baffle geometry. Introduction of the tracer away
from the tube centreline enables improved radial mixing due to the
recirculation eddies created by the interaction of the baffles and
the pulsed flow. A simple change in the source position can
increase this to values of 87% of the perfectly mixed state (where
>90% of mixing is achieved).
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Fig. 10. Tracer patterns over a flow period(T) for Case 7 (Rene

An increase in the frequency usually leads to an improvement
in mixing quality, contrary to an increase in the amplitude, where
no clear trend was found. The interaction between the oscillatory
flow, the net flow and the baffles make it difficult to characterise
mixing by taking into account only the oscillatory conditions
(i.e. f and x,). For a fixed osdllatory Reynolds number, higher
oscillation frequencies with amplitudes close to 0.3, (which is
close to the value recommended by Gough et al. 1997, i.e. 25%
of baffle spacing from a simple experimental observation of flow
patterns in a pulsed baffled reactor) provide better mixing than
low frequendies and high amplitudes. Mixing quality typically
increases with an increase in the velocity ratio, provided that an
adequate position of the source is chosen, enabling the tracer to
be convected by the recirculation eddies created by the interac
tion of the pulsed flow with the baffles. The increase of velocity
ratio enhances mixing quality from poorly mixed conditions (less

(c)

6.f 2Hz x, S mm):(a) Source 0, (b) Source 1, (c) Source 2.

than 4% of the perfect mixed state) up to 8 7% of the perfectly mix
ing state. From previous studies, the recommended velocity ratio
to obtain plug flow in a COBRis ¥y 2 4 (Stonestreet and Van
Der Veeken, 1999). However, this work shows that higher velocity
ratios are preferred to obtain uniforrn spatial mixing rapidly,
which highlights that different operating conditions may be
required depending on the process objective (Kacker et al.,
2017; Soufi et al., 2017). The magnitude of the net flow is also
important. If the net flow is too low, mixing may be hindered
because the secondary stream (tracer) is pushed upstream of
the baffles, where it does not benefit from flow recirculation. In
such a case, it is expected that introduction of the secondary
stream in the baffled region, rather than upstream, would greatly
improve mixing. These results provide a first estimate of where
the plume of an injection jet needs to be positioned for future
studies.
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