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Multi-phase flow occurs in many reactions with gas, an integral part of the reaction. This study assesses
the synergistic impact of continuous aeration and velocity ratio on mixing conditions within an oscillatory
baffled flow reactor to enhance the degree of plug flow, quantified by a tanks-in-series (TiS) model. A
bubbly flow regime is shown in all experiments. In most cases, the TiS value was reduced with gas flow, and a
maximum TiS value of 23.6 was achieved at a velocity ratio of 3.8 at 225 ml min™t in a counter-current
direction. Single-phase runs and co-current multi-phase runs produced maximum TiS values of 23.5 and
18.2 respectively at a velocity ratio of 2.2. Regardless of the gas flow rate, the velocity ratio was found to be
the most influential factor that dictates the level of plug flow within the OBR. A predictive model is
developed and used to maximise the mixing efficiency by determining the level of plug flow within the
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1 Introduction

Continuous flow technology for materials processing can
improve industrial performance and economics." One such
system is an oscillatory baffled flow reactor (OBR) which is
said to have improved mixing and enhanced heat and mass
transfer over conventional batch systems.>* An OBR has been
used in different applications which include bioprocessing,
crystallisation, synthetic chemistry, biofuels and several
others.*” A conventional OBR, a continuous flow reactor,
contains periodic constrictions known as baffles, and an
oscillatory motion is applied to the fluid.® Eddies are
generated on either side of the constrictions for uniform
mixing along the reactor length.” Usually operated within a
laminar flow range over turbulent flow due to the parabolic
flow pattern of liquid through a smooth tube which is not
found due to chaotic mixing within turbulent flow.'® The
baffles act as a restriction to the laminar boundary layers at
the walls, whilst the oscillatory motion added to the parabolic
velocity gradient, particularly during the back stroke of the
oscillation, drags the central high velocity fluid back into the
vicinity of the low velocity which adheres to the walls.

“School of Aerospace, Transport and Manufacturing, Cranfield University,
Cranfield MK43 0AL, UK. E-mail: rylan.cox@cranfield.ac.uk

b School of Engineering, Department of Chemical Engineering and Chemistry,
University of Warwick, Coventry CV4 7AL, UK

¢ Eindhoven University of Technology, P.O. Box 513, 5600 MB Eindhoven, The
Netherlands

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d3re00065f

3104 | React. Chem. Eng., 2023, 8, 3104-3116

OBR at selected amplitudes, frequencies, and gas flow rates.

Meanwhile, the eddy generation prevents mixing dead spots
behind or in front of the baffles. This combination of laminar
flow and oscillatory motion increases the radial diffusion
towards the wall and provides a uniform velocity gradient
along the length of the reactor."* This flow profile promotes
plug flow behaviour and allows mixing to be independent of
the net flow allowing a wide range of residence time and plug
flow reactor type behaviour.”” The level of plug flow is
quantified either with an axial dispersion model or a tanks-
in-series (TiS) model, controlled through the oscillatory
frequency and amplitude."?

A range of studies investigating residence time distribution
(RTD) within OBRs conclude near plug flow can be achieved
with a range of parameters depending on the design and
operating conditions.”**™'® Dimensionless numbers are usually
associated with the OBR to provide initial guidelines for
operational parameters that provide near plug flow using eqn
(1) for net Reynolds number (Re,), which determines the net
flow. Eqn (2) for oscillatory Reynolds number (Re,), which
determines the intensity of mixing and eqn (3) for Strouhal
number (St) which determines the propagation of eddies
between each constriction."?

puD
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"= (1)
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As the OBR is operated under laminar conditions mixing
is provided through the oscillatory motion and the eddies
that are formed on either side of the baffle on the up or
downstroke respectively.'” Re, which describes the oscillatory
motion, is an adaption of the Re,.'” The oscillatory
parameters frequency and amplitude are what control the
size of the vortices either side of the baffle and therefore the
intensity of mixing within an inter baffled zone as shown by
several numerical and PIV studies.'>'®2° Furthermore, the
oscillatory parameter 2mnfx, combined with the net flow is
what controls the maximum velocity fluid velocity.”* As the
fluid is accelerated past the baffle, separation occurs which
forms a toroidal vortex downstream of the baffle. In the
reverse stroke, the vortex is removed by the reversal of flow,
pulling the vortices away from the wall and back into the
main flow path which in turn forms a second vortex on the
back side of the baffle."” For single phase flow this mixing
mechanism allows scaling linearly by maintaining
dimensionless numbers.® Unlike conventional stirred tank
reactors (STRs), the linear scaling of OBRs allows momentum
transfer conditions through plug flow characterisation
studies to be predicted when transitioning process screening
experiments at a lab scale to pilot plants.*” The batch process
residence time can then be equated to a flow rate and reactor
length whilst operating with a narrow RTD.® Maintaining
RTDs with high TiS values is crucial in maintaining near plug
flow conditions within the liquid phase of an OBR and
therefore ensuring each inter baffle zone acts as a CSTR in
series. Several studies have quantified the level of plug flow
either through the TiS model or dispersion model, equated
the operational parameters to their respective dimensionless
numbers and wused these as a basis for scale up
methodologieS‘8,9,11,12,15,16,22—32

Several studies have also been conducted in multiphase to
evaluate the OBRs gas-liquid mass transfer within single
baffled columns both numerically and experimentally. In
these studies however, only a single column is used with a
headspace with the focus on mass transfer, gas hold-up,
bubble size and flow regimes concluding improved mass
transfer over conventional systems.’?*™*° Many of these
studies correlate similar findings in which oscillation
parameters play a vital role in enhancing mass transfer, gas
hold-up and bubble size, identifying its need for both
optimising the level of plug flow and its gas-liquid
interaction. As the oscillatory intensity increases, either
through increasing amplitude or frequency, the bubbles no
longer act in a plug flow manner. Thus, there is a longer
bubble residence time within the reactor which increases the
gas-liquid contact time. Furthermore, the motion around the
baffles from generated eddies causes the bubbles to
continuously coalesce and break up within each inter baffled
zone resulting in a smaller Sauter-mean diameter.”> Break-up
is likely caused due to the induced increase in velocity and
strength of interaction between oscillating liquid and sharp-
edged baffles, essentially as the oscillatory velocity or
oscillatory Reynolds number increases the intermediate
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vortex scale increases to break bubbles up more often.'*=°
This increases the bubble surface area to volume ratio and
results in an increase in mass transfer and gas hold-up as
bubble sizes reduce. Although several studies on mass
transfer have correlated the same there has been little to no
observation of the impact of aeration in scaling up a multi-
pass OBR with several channels, how the bubbles will impact
the OBRs near plug flow behaviour and the ability of
oscillatory propagation through the reactor. One study
identified that smaller bubble diameters result in smaller
levels of localised fluid recirculation.>'>**> As water is an
incompressible fluid, in single-phase investigations there will
be little to no oscillation dampening through fluid
compression but rather frictional losses and momentum
changes.>** The transition to a multiphase gas-liquid system
provides a compressible phase, the gas, which could exhibit
oscillation dampening. Additionally, due to significant
differences in physical properties between gas and liquid, the
interaction between these two phases may have an impact on
the liquid RTD. This may generate localised recirculation
loops from passing bubbles, causing a deviation away from
near plug flow into mixed flow like that of STRs.

To the best of the authors' knowledge no investigation has
been made to identify the impacts of aeration on OBR RTD
curves, nor has this been discussed regarding the possibilities
of scaling up through a multi-pass system. The closest
resemblance of RTD studies with gas-liquid flow is that of
continuous bubble columns. Bubble columns are simply large
tanks with a continuous input of gas at the base of the column.
The bubbles rise under buoyancy causing liquid recirculation
providing mixing and gas-liquid mass transfer.” Bubbles act
similarly in the OBR as bubble columns however the addition
of oscillation and baffles add a secondary force causing
bubbles to break up and reverse in direction.®> In continuous
operation, OBRs must be full of liquid to ensure the oscillatory
motion propagates throughout the entire system to create
eddies around the baffles and provide uniform mixing. The
flow regime will have an impact on the RTD of the liquid phase
which will change depending on the gas flow rate, column
diameter, and oscillatory parameters.*®**3” Several chemical
or bioprocess reactions require multiphase gas-liquid flow. To
operate these reactions in a continuous manner the reactor
must have sparging points along the length where excess can
be removed to minimise disruption to the flow. Deviations
from plug flow into mixed flow, oscillation dampening, or
localised liquid recirculation will reduce the benefits of an OBR
leading to arguments that the technology is no better than a
complex tubular reactor system.

It is important to understand how the RTD curves are
affected when transitioning into gas-liquid multiphase flow.
Using data from previous studies, the development of models
that can predict the level of plug flow at different aeration
conditions can  synergistically provide a valuable
understanding of parameters that can provide high mass
transfer and gas hold-up whilst simultaneously knowing the
associated level of plug flow for such chosen parameters.
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Although the OBR has been proven to enhance gas-liquid
mass transfer within the OBR there has been no study on
RTDs when operated as a gas-liquid system. This research
investigates experimentally the liquid phase RTD within an
OBR. The aim is to evaluate different oscillatory parameters,
gas flow rates and directions on the RTD. Any impact on
oscillatory propagation due to the implementation of
membranes is measured and assessed to minimise
disruption to near plug flow. Based on selected parameters
and using a design of experiments (DOE) approach, the study
evaluates how factors and their interactions influence the
level of plug flow. A central-composite design (CCD)
methodology is used to identify the influence of gas flow rate,
amplitude, and frequency. A predictive model is built that
can maximise plug flow by achieving a narrow liquid phase
RTD under a constant gas flow rate and determine suitable
parameters to provide enhanced mass transfer and maximise
the level of plug flow. The flow is modelled and quantified
using the tanks-in-series model to determine the level of plug
flow with the TiS number set as the response for the
predictive model.**

2 Materials and methods
2.1 Experimental setup

An oscillatory baffled flow reactor (OBR) with five columns
connected with U-bends was constructed and assembled in a
vertical orientation. The experimental rig is displayed in
Fig. 1A; the operated system contained three baffled
columns, each baffle was 3 mm in thickness and spaced 72
mm centre to centre from one another. The orifice diameter
was 17.9 mm to ensure a constriction ratio of 20%. Each
baffled column contained twelve baffles and was connected
via a set of U bends. The top U bend has venting modules
centrally aligned with the second and third baffled column,
whilst the lower connecting U bend had a sparger fitted in
either column two or three. A schematic of the dimensions
and parts can be identified in Fig. 1B along with a detailed
summary in a previous study.*” Oscillatory motion was
provided by a scotch yolk mechanism capable of amplitudes
from 0.5-12 mm and frequencies of 0.05-2 Hz. Amplitude
was pre-calibrated during manufacture with a zero-datum
line followed by 1 mm incremental ruler marks to set the
amplitude. To ensure there was no change of amplitude
during oscillation locking rods were fitted to the oscillatory
mechanism and fastened. Frequencies were measured
manually using a FINIATE professional digital tachometer.
Gas sparging could be provided at the base of columns 2-5
only, with the first column that is connected to the oscillatory
mechanism not provided with any gas. Air was used for all
multiphase flow experiments and provided by a Cole-Parmer
air diaphragm vacuum/pressure pump WZ-79202-05. The gas
line was connected to two mechanical gas flow meters with a
range of 0.01-2.1 L min~" which is equivalent to an aeration
rate between 0.0125-2.63 (volumetric flow rate of air per
volume of liquid in a single column per minute (m?® air)/(m?
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Fig. 1 (A) Experimental setup of OBR reactor includes 1. Tracer
injection point; 2. inlet measurement probe; 3. oscillatory mechanism;
4. membrane housing; 5. baffled columns; 6. mechanical flow rate
valves; 7. Sparger points; 8. reactor outlet; 9. outlet pH probe. (B)
Schematic with reactor dimensions and location of parts matching
image A.

of liquid within the column)/min). The gas control was
connected to a 0.2 um Swagelok filter and a blue, cylindrical,
ceramic pond stone with a diameter of 23 mm and height of
33 mm. The sparger type was kept constant in all experiments,
as it was found to have no impact on mass transfer.*>*° The
OBR design allowed gas to be input in both co-current and
counter-current directions to the liquid flow and assessed by
swapping the air inlet location to a riser or downer column
within the system. Due to the length of each experiment only
the first three columns were used. In co-current gas was only
sparged in column 2, whereas in counter-current gas was
sparged in column 3 only as shown in Fig. 1B. For this study,
the scope was to identify the impact of co-current and
counter current independently, hence only one column was
sparged with gas at any one point unless stated otherwise.
The top connecting U-bends each have a port centrally
aligned to the columns connected to venting columns
containing 15D07MI semi-permeable oleophobic membranes
provided by Sartorius. Two distinct types of venting devices
were used with different surface areas to evaluate different
gas flow rates and membrane impact on oscillation
dampening. To allow rapid removal of excess gas and prevent
bubble build-up within the U-bend, each venting device was
connected to an Edwards RV8 vacuum pump. Both vacuum

pumps were operated continuously during aeration

This journal is © The Royal Society of Chemistry 2023
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experiments. Fresh, clean tap water was used as the bulk
fluid in all experiments with the fluid properties remaining
constant in all experiments. Tap water was fed into a buffer
tank before being pumped into the reactor to negate any
impact of water pressure from the tap. Properties were kept
constant by continuously monitoring a constant water
temperature at a value of 21 + 2 °C. Water was provided at a
constant flow rate of 500 ml min™'. The experimental setup
used for all experiments is given in Fig. 1A.

2.2 Oscillation dampening

Before all experiments, the reactor was filled with water and
cycled a minimum of five times to ensure removal of any prior
impurities and air. All experiments were conducted at
ambient room temperature. Once flushed completely, column
four was partially drained of liquid to the halfway point. A line
gauge (ruler) was attached to the column with the 0-point
aligned to the water level. Measurement of oscillation
dampening was taken with no net flow. Different membrane
sizes and oscillatory parameters without air were assessed to
determine if the size of the membrane produced oscillation
dampening over a range of parameters. To accurately monitor
the water level on the line gauge a Samsung S10+ phone
camera with slow-motion video recording was used to view
the water level. Oscillation dampening was attempted with
aeration but stopped due to inaccurate and varied results.
This is attributed to fluctuating gas hold up, at high
frequencies (2 Hz) and amplitudes greater than 6 mm,
coupled with fluctuations in gas removal rates. The continual
oscillatory motion causes the partial pressure differential at
the membrane surface to vary the gas removal and therefore
the gas hold up. Therefore, this section discusses oscillation
dampening caused by membrane surface area, amplitude,
and frequency with no gas input. Fig. 2 identifies the two
different membrane housings used. The membrane surface
area was set when using two metal membrane housings at
1.57 cm?, using one white poly-lactic acid (PLA) housing and a
stainless steel 316 housing at 102 cm?, and when using 2 PLA
membrane housings at 201 cm?.

2.3 Design of experiments

Rather than conducting a full factorial design of experiments
(DOE) of oscillatory amplitude, frequency, and gas flow rate a

Fig. 2 Different membrane housing units designed to hold different
membrane surface areas to increase gas flux. Left (yellow box) white
housing contains PLA housing with large membranes and right (red
box) metal housing contains smaller membranes.
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face Centred Composite Design (CCD) was selected. This was
to both minimise runs and build secondary models without
the need for a full three-level factorial requiring more
experiments.** The response in this case was the TiS number
(N) or quantitative level of plug flow, with continuous factors
amplitude, (x,), frequency, (x,) and gas flow rate (x3) at two
levels. Each factor is given in Table 1. The range of amplitude
and frequency were selected to provide a wide range of
velocity ratios and based on previous studies that maximise
plug-flow and mass transfer; whereas gas flow was set at the
two extremes within the systems capabilities.>** Centre
points which were the median of each factor are included
with all experiments replicated twice whilst the centre points
were replicated 4 times.

The CCD consists of eight factorial points, two centre
points and six axial points enabling a model to provide three
main effects, three two-way interactions and three quadratic
effects.*> The full table of experiments along with
dimensionless values given in Table 2 consists of 32 runs in
total. DOE software JMP® 17 Pro was used to generate the
DOE, analyse data, and develop a predictive response surface
model to maximise the TiS number and determine factor
impact and interactions. Data was displayed through scatter
plots generated in Microsoft Excel or using JMP Pro 17®.

The predictive model equation is built-up of seven terms
related to the factors and their interactions. Each term within
the model is either linear, square or the interaction between
factors.”” Analysis of variance (ANOVA) was used to determine
the influence of each term with the response being the TiS
number. Each term is associated with a coefficient to
determine the level of fit as per regression analysis between
experimental values and model predicted values. The
significance of each term is provided by a p-value, which is
the probability of the term having no significant effect.
Therefore, a step-wise elimination of p-values was conducted
on all terms with a p-value >0.05 before the final model was
completed. p-Values required due to hierarchical
requirements of other terms were kept.*

2.4 Deconvolution and residence time distribution

To quantify the impact of aeration and the level of plug flow
tracer experiments were conducted to produce RTD curves.
The tanks-in-series (TiS) model was used to quantitatively
evaluate the RTD curves.”> RTD curves were produced by
injection of 5 ml potassium hydroxide tracer (0.1 M) 200 mm
upstream of the reactor inlet, followed by 40 ml of tap water
to ensure all tracer was injected into the flow path and not

Table 1 Factor levels used within the DOE

Factor Value Unit
Amplitude 2,6.5,11 mm
Frequency 0.3, 1.15, 2 Hz
Velocity ratio 0.57-20.85 (—)

Gas flow rate 0, 225, 400 ml min™*

React. Chem. Eng., 2023, 8, 3104-3116 | 3107
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Table 2 Experimental runs for the DoE in order of execution

Amplitude (mm) Frequency (Hz) Gas flow (ml min™")

2 0.3 50
11 0.3 50
6.5 1.15 50
2 2 50
11 2 50
6.5 0.3 225
2 1.15 225
6.5 1.15 225
6.5 1.15 225
11 1.15 225
6.5 2 225
2 0.3 400
11 0.3 400
6.5 1.15 400
2 2 400
11 2 400

remaining within the injection ports. Injection of both tracer
and water was conducted over a 3.5 s period. The pH
was monitored 50 mm from the inlet and outlet of the reactor
using a Mettler Toledo LE407 pH probe with a measured
response time of 10 seconds. The data was live streamed into
Excel using data streaming software at an interval of 1 s which
was found to produce well-shaped RTD curves as shown in
Fig. 4 Each experiment ended when the outlet pH returned to
its starting value. The pH data was converted into hydroxide
ion concentration before determining the TiS number (N),
using the TiS model. Near plug flow is achieved when N > 10,
and mixed flow occurs when N < 3.8223%32 Thys, to achieve
adequate plug flow, a minimum of 3 baffled columns were
used each containing 12 baffled zones within the OBR. This
satisfies the design criteria to ensure that more than 15 inter-

Membrane Surface Area (cm?)
1.57 102 201

N
o

= o

o o o

1 | 1
€0

NN

o

Fluid Amplitude (mm)
a o
3] o 5]
1 N 1
l
(zH) Aouanbaiy

o

10+

ANAUA
AN

T T T T T T T

4 6 8 10 0 2 4 6 8 10 0 2 4 6 8 10 12

Set Amplitude (mm) — Fluid Amplitude (mm)
—Y=X

o
N

Fig. 3 Displaying the different liquid oscillation (achieved amplitude
mm) vs. the set amplitude (mm) with different membrane surface areas
and frequencies.
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Velocity ratio and gas flow rate
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—_ ——12.3 and 2256 ——0.6 and 400
215 3.1 and 400 7.1 and 400
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0 0.5 1 1.5 2 25
Dimensionless time (0)

Fig. 4 Experimental RTD curves for the co-current CCD aeration
experiments.

baffled cavities are available to achieve the criterion of N >
10.% It is stated that the number of inter-baffled zones within
an OBR is equal to the theoretical maximum of TiS.>* Perfect
pulse injections are only found in ideal scenarios, to combat
any mixing between the tracer injection point and reactor
entry a deconvolution was conducted to remove any initial
tracer dispersion. Furthermore, all measurements were offset
by 10 seconds to account for the response time of the pH
probe in a similar method to Abbott et al>* Before
deconvolution, pH was converted to hydroxide ion
concentration before deconvolution was conducted through
the inverse fast Fourier transformation within the time
domain. The true outlet signal (E) was calculated by the
inverse fast Fourier transformation between the measured
inlet and outlet signals as described in eqn (4)

E=F"1 <M) (4)

F(Cm)

A detailed methodology for quantifying the level of plug flow
including equations is reported in a previous study. To aid
with the clarity of data, the TiS numbers were portrayed against
the velocity ratio, itself a dimensionless number, which
equates to the ratio between the net flow and the oscillatory
flow displayed in eqn (5).

__Reg

v =
Re,

(5)

2.4.1 Counter-current aeration. Counter-current RTD
studies were conducted by selecting a range of 5 TiS values
produced from co-current experiments and replicating their
respective oscillatory and gas flow rate parameters with the
gas flow in a counter-current direction. The RTDs were then
measured and the TiS number was compared with co-current
runs. The tracer injection was conducted in the same manner
as the co-current and ended when the pH at the outlet
returned to its starting value.

This journal is © The Royal Society of Chemistry 2023
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3 Results and discussion

3.1 Oscillation dampening with membranes and aeration

The OBR operates by applying oscillatory motion through
periodic constrictions along each column to ensure uniform
mixing throughout. If the connecting U-bend fills with air
and the oscillations do not propagate into the next column
it will minimise any mixing downstream. The maximum
level of aeration that can then be input into the system is
equal to the maximum rate of aeration removal. The
problem becomes more complex with increasing the
turbulence within the reactor as the gas hold-up also
increases.” The maximum level of air removal within the
system is relative to the membrane flux and therefore the
surface area of the membrane. Three different membrane
sizes were evaluated at their maximum aeration removal.

Fig. 3 displays the fluid amplitude at different frequencies
and set amplitudes with a change in the membrane surface area.
At low frequencies, the membrane surface area has little to no
impact on the achieved oscillation motion within the fourth riser
column. Each set amplitude matches the fluid amplitude and
are correlated linearly. When the frequency increases to 1 Hz,
the set amplitude of oscillation is equal to the observed fluid
oscillation in the fourth column. Furthermore, membrane
surface area has a negligible impact on fluid oscillation.

Upon increasing the frequency to 2 Hz it is noted the fluid
oscillation is much greater than the set oscillation amplitude.
In previous cases, the fluid oscillates at the same amplitude
as the set amplitude but for all amplitudes evaluated (at 2
Hz), there is an increase in achieved fluid oscillation. Thus, 2
mm, 8 mm and 11 mm set amplitudes increased to an
average fluid oscillation of 3 mm, 12 mm, and 17 mm,
respectively. These results are comparable with a study by
Briggs et al., who experienced a similar phenomenon in a
commercial 15 mm nominal diameter (DN15) OBR.> The
reason for the increase in fluid oscillation is due to the
additional energy added to the system from faster piston
acceleration with increased frequency. The additional energy
is maintained within the fluid momentum propelling the
liquid down the reactor before flow reversal of the piston
upstroke. Furthermore, due to the inclusion of baffles, the
fluid in the radial centre travels with a greater velocity than at
the sides due to the constrictions. At an amplitude of 2 mm
the achieved fluid oscillation remains constant regardless of
membrane area, however, once the amplitude reaches 8 and
11 mm there is a noticeable drop in fluid amplitude against
set amplitude with different membrane areas. The highest
fluid oscillation is achieved with the smallest membrane area,
reaching a fluid oscillation of 15 mm and 19 mm for 8 mm
and 11 mm set amplitudes, respectively. As the membrane
area increases from 1.57 cm” to 102 cm? there is a decrease in
fluid oscillation to 9 mm and 14 mm for 8 mm and 11 mm
set amplitudes, respectively. A similar decrease is observed for
the largest membrane surface area of 201 cm?, where both set
amplitudes at 8 and 11 mm produced a fluid oscillation of 10
and 16 mm, respectively.
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An increase in membrane area at high frequencies causes
some degree of oscillation dampening downstream. This can
be attributed to the membrane flexing back and forth within
its housing due to the fluid oscillation. One way to minimise
the oscillation dampening due to the membranes would be to
introduce fixed supports within the membrane housing whilst
minimising surface area blockage. This will prevent the
membranes from absorbing the oscillatory kinetic motion, so it
is translated through the fluid only whilst removing excess gas.

3.2 Flow regime and bubble interaction

The interaction of oscillatory motion on bubbles within the
OBR has a profound effect, as reported in several mass
transfer studies using an OBR.*?*3*377394% Ahmed et al
investigated the impact of flow regime and mass transfer
with different designs of OBR, including a single orifice OBR,
as a function of oscillatory parameters and gas flow rate.’
They conclude the OBR was able to produce different flow
regimes including bubble, churn, and slug flow depending
on the gas flow rate and oscillatory Reynolds number. In the
same study, the authors found bubbly flow is present to an
aeration rate of 0.56 volumetric flow rate of air per volume of
liquid in a single column per minute.* During their
experimental study, the motion and size of the bubbles
would alter, coinciding with the oscillatory motion.

e At velocity ratios of 3.8 and below the bubbles would
coalesce together. The bubbles rise the column with no
interference from the oscillatory motion to the path. The
bubbles, ranging in diameter from 5-20 mm, were acting
under buoyancy alone.

e At a velocity ratio of 7.1 the bubbles temporarily
stagnate within the baffled column from flow reversal by the
oscillatory piston. However, bubble sizes remain large with
coalescence occurring as the bubbles rise the column to 20
mm diameter. A visualisation study conducted by
Ranganathan simulating gas-liquid flow within an OBR,
found at frequencies <1 Hz, a large amount of bubble
coalescence occurs behind the baffles.*®

e At velocity ratios of 12 and 12.3, the impact of flow reversal
becomes more pronounced on the bubbles, as they stagnate
for a longer period. The bubble size is also smaller (<5 mm
diameter on average) with no visible sign of large bubbles
present in the entire column. Bubbles exhibit full bubble
reversal behind the baffles where the turbulence is greatest.

e Finally at a velocity ratio of 20.8, full flow reversal is
identified in all locations within the column, not just behind
the baffles but in the centre of the inter-baffled zone. Bubbles
break-up around the baffles ensuring a smaller visual mean
bubble diameter distribution within the baffled column. This
finding is similar as noted in previous studies.’***°

In this study, to ensure only oscillatory parameters and
gas flow rates were being investigated the largest membrane
was selected for all experiments to ensure a wide range of gas
flow rates could be achieved. In all the co-current studies
performed in this current study, the flow regime remained,
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within the bubble flow regime attributed to a gas flow rate
no greater than 0.56 volumetric flow rate of air per volume of
liquid in a single column per minute. This is under the
stated threshold for single orifice baffles to achieve churn
flow as pointed out by Ahmed et al.> Similarly Ahmed et al.
in another study identified that when scaling up the OBR to
tube diameters of 50 mm or greater, only the bubbly flow
regime is present.’” However, there was no identification of
slug flow within the baffled column at any of the velocity
ratios or gas flow rates within this present study which is in
contradiction to the data generated by Ahmed et al.’?

This study also investigated the impact of counter-current
flow. The setup was done by moving the gas injection point to
the base of the next adjacent column. Selected velocity ratios
were 1.9, 2.2, 3.8, 7.1 and 20.8 at gas flow rates of 225, 225, 50,
400 and 50 ml min™", respectively. It was expected that similar
observations to those described earlier in the co-current flow
would be found. All experiments remained within the bubbly
flow regime. However, on the application of oscillatory motion
and aeration the bubbles, regardless of oscillatory parameters
or gas flow rate, acted under buoyancy alone with no reversal,
stagnation, or rapid bubble coalescence or bubble break-up.
The initial conclusions are the bubbles dampened all
oscillations in that column. However, there is visible fluid
oscillation at the top of the column where the gas was
escaping, fluid oscillation at the outlet tube, and on the
mechanical pressure gauge, at the outlet of the reactor. Which
matches the same levels as co-current studies. The reason for
this phenomenon would need further investigation to provide
clarity as to why the oscillation has no direct impact on the
bubbles as it does in the co-current experiments.

3.3 Quantifying aeration impact on the level of plug flow

3.3.1 Co-current aeration. Flow characterisation within
the OBR has been evaluated by several authors to measure
the level of plug flow within the reactor.'**®?**” Near plug
flow in single phase systems can be achieved and is usually
associated in a velocity ratio range between 2-4.'% This
particular system achieved the greatest number of TiS at a
velocity ratio of 2.27.*> Adequate levels of plug flow are
described as present in the system when the TiS number is
>10.%8223132 [nitial results identified this TiS number at the
same parameters without aeration to provide a baseline
comparison when aeration is added. RTD curves produced
from the tracer experiments within the CCD. The curves
represent a range of TiS values as seen by the significant
variation in the level of plug flow due to the height and the
spread of the curve around X = 1, where a single sharp peak
at this value would indicate full plug flow.*’> The value of N
was calculated via the variance of the RTD curves through
eqn (6). The curves and calculated values of N were
validated through the TiS model using eqn (7) to ensure the
calculated value of N was +1 TiS value from the fitted model
value of N as per previous studies.?*** The normalised RTD
curves are displayed in Fig. 4.
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Fig. 5 displays the achieved experimental values of TiS
against their respective velocity ratio in a single-phase OBR
and multi-phase gas-liquid system. Initial observations
show that the majority of velocity ratios across the range of
gas flow rates exhibited an adequate level of plug flow. The
lowest TiS value achieved was consistently at a velocity ratio
of 20.8 gave the lowest TiS value of 8.27 at 50 ml min™" gas
flow rate and 9.3 at 400 ml min~". These results correlate
with previous RTD studies, reporting that as the velocity
ratio increases past an optimal zone the intensity of mixing
has a detrimental effect on the level of plug flow.>>*>*849

Fig. 5 shows that for most velocity ratios, the TiS number
is higher with no aeration present (blue) compared with
aeration. Surprisingly, a velocity ratio of 7.1 presents the
lowest TiS value with no aeration. This is a result contrary to
all other velocity ratios in the range assessed.

e At zero aeration, the TiS value is maximum around a
value of 2.2, which correlates with a previous study
conducted in the same system.*”> With gas flowing at a rate of
50 ml min™"' the TiS value remains between 13.5 and 15.5
across a velocity ratio of 0.6 to 3.8. The value begins to
decline once a velocity ratio of 7.1 is reached. The lowest TiS
value of 8.3 occurs at a velocity ratio of 20.1.

e A similar scenario was found with gas flow rates of 225 ml
min~', however, there is a significant initial rise in TiS value
(18.2) at a velocity ratio of 2.2 before sharply declining,
reaching its lowest value of 10.1 at a velocity ratio of 12.3.

e Finally for a gas flow rate of 400 ml min™' again a
similar trend to the previous gas flow rate is exhibited. This
time, a maximum TiS value of 17.9 was reached at a velocity
ratio of 7.1 before rapidly declining to a TiS number of 9.34
at a velocity ratio of 20.8.

25

¢
20 1 ﬁ Gas Flow
§ l T rate
T ¢ & ¥ (ml/min)
ol ‘ i
Tanks-in-series |©® L % 7 ;
N e 50
10 1 [ I 225
400
5 4
0 T T T T )
0 5 10 15 20 25

Velocity ratio (-)

Fig. 5 Experimental mean TiS value based upon the velocity ratio,
with no gas flow and gas flow rates 50, 225 and 400 ml min™. The
error bar represents the variation between replicates.
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Within all the tested gas flow rates the TiS > 13 at velocity
ratios between 0.6-7.1. The TIS values all rapidly decline,
reaching their lowest value at a velocity ratio of 20.8.

To the authors' knowledge this is the first reported study
to investigate the RTD within an OBR for multiphase flow.
The closest to such a system is the bubble tank, although the
bubble tank does not exhibit oscillatory motion or baffles.
For a fixed velocity ratio, it would be expected that as the
aeration rate increases the TiS number would reduce. With
an increase in velocity ratio and gas flow rate, the gas hold-
up in an OBR increases.>***”*>*® In bubble columns an
increase in gas results in more liquid circulation and a
higher liquid dispersion.*** Therefore, the increase in gas
flow rate should decrease the TiS value, however, this is not
the case. In most of the velocity ratios where three different
gas flow rates are used the maximum gas flow rate appears to
provide the highest TiS number followed by 225 and then 50
ml min~". To visualise the variation of TiS with both velocity
ratio and gas flow rate, the experimental data was plotted
through a contour plot in Fig. 6. The interaction of oscillatory
motion overpowers the negative impact of aeration, by
minimising dispersion and providing some degree of plug
flow. In bubble columns, the motion of bubbles through the
centre line causes an uneven radial density across the
column diameter, which results in liquid recirculation and
increases axial dispersion.”” In an OBR the bubbles have
more bubble stagnation points and bubbles break up at a
faster rate at higher velocity ratios. However, as the liquid
turbulence also increases this explains why the zero air
experiments at high velocity ratios result in low TiS values.
When evaluating axial dispersion in packed or tray bubble
columns it was identified the axial dispersion of tracer
reduces dramatically compared with an empty bubble
column.” In the same way the baffles could be acting as
constraints which maintain a high degree of plug flow
similar to packed bubble columns.

Palaskar et al. investigated perforated plates within
bubble columns and the effect on axial dispersion and
found as the percentage free area in the radial direction
decreases, the resistance to the gas phase increases and

400
20.0
- 18.0
300 16.0
| - 14.0TiS
- 12.0
Gas flow (ml/min) 200+ - 10.0
8.0

100

T

T T
0 5 10 15 20
Velocity ratio

Fig. 6 Contour plot displaying TiS number as a function of velocity
ratio and gas flow rate.
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generates a uniform gradient distribution.”® This in turn
reduces liquid recirculation and therefore minimises axial
dispersion. This explains why there is a level of plug flow
present at gas flow rates and velocity ratios <20. The impact
of gas viscosity, gas density or liquid surface tension was
not evaluated in this study.

3.3.2 Central-composite design - model development.
Having established that aeration has a negative impact on
the TiS number within a multi-phase gas-liquid OBR,
understanding factor interaction for frequency, amplitude
and gas-flow is key to optimising the TiS number when gas
flow is still required for a process. A CCD model was developed
to identify which terms within the model have the main effect
on the TiS number and to develop a predictive model to
maximise the TiS value under aeration. An analysis of variance
(ANOVA) p-value of 0.001 within the model indicates a strong
correlation that one or more of the factors have a role in
maximising the TiS number. Software JMP Pro 17® presents a
summary of each term within the model, which indicates two
terms have a p-value > 0.005, implying they have no significant
impact on the model. A stepwise elimination was conducted to
remove these model terms. A lack of fit was
calculated by JMP after the removal of redundant model
terms to estimate both pure error of the replicates within the
model and a lack of fit of the model itself from model
curvature or missing terms. An F ratio is the ratio between
the mean square for lack of fit to the mean square of pure
error. It tests the hypothesis that the estimated variances in
the lack of fit and pure error mean squares are equal which
is interpreted as representing “no lack of fit”."* A F ratio of
0.70 and p-value of 0.69 indicates a good fit of the model with
no significant lack of fit and the true experimental value
producing a maximum R* of 0.83.

To identify each term's effect on the TiS number an
effect summary was produced which identified the p-value
associated with each term. The p-value is the probability
of likelihood that a term has an impact on the TiS value when
changed. The p-values of each term are shown in Table 3.
Factor terms that are required due to cross-factor
interactions or polynomials are denoted with a ~. The
software develops a predictive model using the data
predicting the TiS number. Each term is given a
coefficient on its effect on the TiS number shown in
“parameter estimates”. Parameter estimates indicate the
increase or decrease in TiS number when the value is
increased by one. For example, if the frequency increases
from 1 to 2 Hz the TiS value will reduce by 1.29. The
likelihood of this happening is then dictated by the
parameter estimates p-value.

Finally, the derived model equation which predicts the TiS
value based on the selected terms above is given in eqn (8).
The equation coefficients are calculated through the DoE
whilst the coefficients produced are the intercept, three main
effect coefficients, three two-way interaction coefficients and
the three quadratic effect coefficients. All are left in fraction
form to prevent decimal rounding errors.
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Table 3 Summary showing the p-value of the term's significance within the model, parameter estimate and the likelihood of the estimate happening

with parameter p-value

Source p-Value Parameter estimates p-Value parameter estimates
Amplitude 0.00001 -1.95 <0.0001
Amplitude *frequency 0.00006 -1.94 0.0015
Frequency *frequency 0.00085 -2.52 0.0129
Frequency (Hz) » 0.00147 -1.29 <0.0001
Gas flow (ml min™") 0.01292 0.96 0.0009
Gas flow *gas flow 0.04681 1.33 0.0468

) f-1.15 Xo—6.5 range of scales, providing the dimensionless numbers remain

TiS(N) = 14.69-1.29( *——— | -1.96 (8) - - s

0.85 4.5 constant between scales to predict the TiS. It is critical to

0-225 (2265) x (£ -1.15) mention that the model generated within this study contains

+0-96< 175 ) —1.94% ( -2 0.85 ) a saddle point by which the maximum TiS value is

Fo115 theoretically infinite outside of the tested parameter range.

5 sox ( 0.85 >X (f-1.15) Without expanding the factor range the model should only

’ 0.85 be used within the tested range. Furthermore, the model was

derived using the largest membrane size only. Any oscillation

—225 . . . .
11.33% (%5 x (Q-225) dampening induced by the membrane is not factored into
175 the model.

The equation was able to predict a maximum TiS value of
19 at parameters 2 mm amplitude, 1.26 Hz frequency and
400 ml min™" gas flow rate. This prediction gives a velocity
ratio of 2.38 and expects a higher TiS value to be achieved
compared with all the other parameters experimentally
evaluated. However, the velocity ratio remains within the optimal
range for maximising TiS in single-phase reports.'®** Fig. 7
displays the predicted TiS values against the experimental
values. The maximum predicted TiS value is denoted by a
black point. When looking at the predicted value of TiS
against the experimental all points lie close to the actual
experimental TiS indicating a high level of fit of the model
compared with the experimental data.

Although the model can predict TiS using amplitude and
frequency only, both parameters can be combined through
the oscillatory Reynolds number (eqn (2)) along with the net
flow via the Reynolds number (eqn (1)) to calculate the
velocity ratio (eqn (5)). The model can therefore be used at a

25.0 4
® Experimental 50
20.0 A ® Experimental 225
Experimental 400
o Predicted Maximum 400
. Predicted 50
15.0 redicted 225
Tanks-in-series redicted 400
(N)
10.0
5.0 4
0.0 T T T T )
0.0 5.0 10.0 15.0 20.0 25.0

Velocity ratio (-)

Fig. 7 The model predicted TiS values vs. experimental TiS values.
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3.3.3 Counter-current study. Having established aeration
has a detrimental effect on the TiS value at any flow rate it
was decided to identify if there was a benefit of operating
aeration in a counter-current motion. Tracer concentration
was measured at the outlet with all gas bubbles remaining
within the column giving no interference to the outlet probe
ensuring the setup remained viable. In all previous
experiments, co-current aeration was in operation resulting in
a shift in flow regimes and TiS values depending on
oscillatory parameters. A range of TiS values was selected to
evaluate and compare if there was any difference with co-
current or counter-current operation.

When operating aeration in a counter-current direction
there was a visible increase in TiS number for the majority of
the parameters as shown in Fig. 8. All counter-current
parameters were able to perform some degree of plug flow
whereas the co-current found that the velocity ratio of 20.8
exhibited a TiS value under 10, which tends towards mixed
flow."® A similar trend was observed with the counter-current

25.0 Gas flow rate and direction
§ % 450 Counter current 050 Co-current
3 225 Counter current 0225 Co-current
20.0 + ﬂ 400 Counter current © 400 Co-current
i m( gas flow
Tanks-in-Series l .
(N) 15.0 - §
10.0 - *
)
5.0
0.0 T T T T )
0.0 5.0 10.0 15.0 20.0 25.0

Velocity Ratio (-)

Fig. 8 Scatter plot of TiS values with different velocity ratios, aeration
conditions and gas flow direction.
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TiS values which present an increasing TiS number
initially up to a value of 23.6 at a velocity ratio of 3.8. The
TiS values then begin to fall reaching its lowest value of
10.3 at a velocity ratio of 20.8. The trend almost matches
the co-current results however their maximum TiS value is
achieved at a velocity ratio of 2.2 rather than 3.8 in the
counter-current experiments. Additionally, the co-current TiS
value was much higher at a velocity ratio of 7.1 compared
with the counter-current results. To determine the
difference in OBR efficiency between the values eqn (9) is
used. This equation is based on the maximum theoretical
TiS value the OBR can produce. As the number of inter-
baffled zones can each act as a CSTR, then the maximum
number of TiS is equal to the number of inter-baffled zones
providing there are above 15 zones, although true plug flow
is not achieved until TiS number of at least 50.%™* It takes
the experimental TiS value and divides it by the number of
inter-baffled zones within the experimental flow path of the
reactor to provide a percentage for the actual number of TiS
against the potential number of TiS.

N
= X
Number of interbafled zones

n 100 (9)

The range of actual tanks in series against the potential
number of TiS between co-current to counter-current for
parameters where counter-current exhibits a greater TiS is
between 5-21%.

From this study, the flow regime changes from co-current
to counter-current with bubbles acting under buoyancy alone
in a plug flow manner. With co-current, the oscillatory
motion changes the bubble flight path and size. Small
bubbles get entangled within the high velocity eddy
recirculation, whereas large bubbles formed from bubble
coalescence are dragged from the centre of the eddies to the
external sections of the vortex as identified by Al-Abduly
et al.®® In counter-current however, it was visually observed
that there was little interaction with the eddies generated
either side of the baffle and the bubbles meaning they
travelled under buoyancy alone. This enabled an increase in
TiS values for counter-current which can be explained by the
flow regime and generation of eddies within the liquid phase.
The influence of eddy generation around the baffles within
the liquid phase when the bubbles are acting in a counter-
current direction is enough to minimise axial dispersion. A
second visual observation was the lack of interaction between
oscillatory motion-induced eddies and the bubbles does not
reduce the localised liquid recirculation caused by the
bubbles when they rise, but instead become entangled within
the eddies generated either side of the baffles. This prevents
axial dispersion of the tracer and maintains some degree of
plug flow. Furthermore, if the bubbles were to be dragging
the tracer against the direction of liquid flow ie, in a
counter-current direction then the RTD curves would exhibit
non-symmetrical curves with a tail at the end implying back
mixing is not the case.*>*
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3.4 Application in multi-phase OBRs

To operate a continuous multi-pass OBR in multiphase gas-
liquid operation, there must be locations where gas can be
sparged and any excess removed with minimal impact on the
flow. Section 3.1 describes the impact of oscillation
dampening at high frequencies and amplitudes. The results
from this work have found that high velocity ratios (a
combination of high amplitudes and frequencies) will reduce
the TiS value. This is found true for both multiphase and
single-phase processes within an OBR.*>** Therefore the
process will have to prioritise either gas-liquid mass transfer
which is improved at higher velocity ratios (>5) or
maintaining near plug flow conditions by maintaining a
velocity ratio in the optimal lower range, (2 < 4).>**?” The
predictive statistical model in this study can help to balance
the two values by maximising aeration whilst maintaining
some degree of plug flow within the OBR. Although the net
flow has not been investigated within this work,
maintaining the velocity ratio using Re,, and Re, can help to
factor in the net flow. To validate this a future investigation
should be made to identify the impact of net flow on
multiphase as its impact has been conducted previously in
single phase.'>*>?*>* There are limits to this model which
have briefly been discussed in the previous section. Firstly,
the parameter range available is confined to those within this
study. Although the tested gas flow rate range is particularly
high (maximum 0.5 volumetric flow rate of air per volume of
liquid in a single column per minute) the range of
amplitudes and frequencies within this study are mid-range
compared to previous mass transfer study ranges.>*>® The
model does not account for oscillation dampening induced
by the membranes themselves. Only the large membrane was
used for all experimental work as the membrane selection
was done for the sole purpose of providing a wide range of
gas flow rates therefore any oscillation dampening exhibited
for the parameters would have been experienced at every gas
flow rate regardless of the amplitude and frequencies.

The results from this work have suggested that like single-
phase flow, velocity ratios within the range of 2-4 are more
suited for the flow to tend towards plug flow characteristics.
This may not be suitable in practice if the multiphase system
also requires solids. For high solid content processes where
particle suspension is required, low velocity ratios may not be
suitable, causing settling within the reactor.”> Furthermore,
multiphase gas-solid-liquid is not taken into consideration
within this model which may cause the equation to function
inaccurately owing to the impact of solids within the fluid. A
few studies have identified the impact of solids on axial
dispersion, oscillation dampening and mass transfer. The
studies conclude that solid particle oscillation dampening will
occur downstream within the reactor as solid content
increases, additionally, axial dispersion of solids and liquids
within an OBR will vary based upon the radial mixing
velocities.*>>® However solid content up to a concentration of
20% has no impact on mass transfer.*’
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Moving to commercial scales requires the reactor volume
or throughput for low value high volume products to be
increased by a few factors. For bubble columns scaling
through tube diameter increases axial dispersion, whereas for
OBRs, providing the dimensionless number is maintained
throughout scales.®**>°® Previous studies have indicated
that the single orifice may not be the most suitable design
for multiphase scale-up to ensure high mass transfer with
plug flow. Therefore, the design should shift to a multi-
orifice baffled design due to its increased resistance to gas
flow which will minimise fluid recirculation caused by
bubbles and increased mass transfer coefficient.*”*> This will
also prevent the requirement of large amplitudes and low
frequencies in operation and prevent loss of mixing
intensities and length when scaling through diameter.” For
scale-up through the column diameter it seems a likely
scenario for the OBR however producing a multi pass for
multiphase operation combined with membranes, solids and
aeration will potentially lead to a reactor that halfway down
will have zero oscillatory motion within the fluid flow and
revert to net flow laminar mixing profiles only. Without a
pilot scale investigation, it cannot be certain that the OBR
can be scaled in this capacity.

4 Conclusion

This study successfully characterised liquid phase axial
dispersion in a gas-liquid OBR with multiple columns. Three
gas flow rates, three amplitudes and three frequencies were
assessed, with aeration in two gas-liquid configurations.
Maximum TiS values of 23.5, 23.6 and 18.2 were observed
under single phase, counter-current and co-current two-phase
flow at velocity ratios of 2.2, 3.8 and 2.2, respectively. The
velocity ratio remains the main factor that determines the
level of plug flow irrespective of gas flow rate or flow
direction. A predictive statistical model was developed to
maximise TiS value by varying amplitude, frequency, and
gas flow rate in the OBR reactor for process
optimisation.
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