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ABSTRACT: An oscillatory baffled flow reactor (OBR) has been
designed with 60 interbaffled cells. The baffled columns of 40 mm
internal diameter together result in a reactor length of 5740 mm. The
oscillatory amplitude and frequency were in the range of 2—12 mm
and 0.3—2 Hz, respectively. The report investigates the impact of U-
bends and the number of reactor sections on axial dispersion for scale-
up feasibility. A prediction model using operating parameters has been
developed to maximize plug flow conditions using the tanks-in-series
(TiS) model. The maximum TiS value was 13.38 in a single column
compared to 43.68 in the full reactor at a velocity ratio of 2.27 using
oscillatory parameters 8 mm and 0.3 Hz. The mixing efficiency along
the reactor was found to decrease after each column at amplitudes <6
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mm compared to amplitudes up to 12 mm, where a negligible impact
was observed. U-bend geometry had a significant role in the decrease of TiS values.

1. INTRODUCTION

Bioprocessing is a fast-paced thriving sector that has many
different industrial spokes with a wide variety of products, which
include the conversion of biomass into fuels,"” production of
raw materials otherwise produced from chemical processes,””
production of secondary metabolites,” wastewater treatment,
enzyme production,7 and vaccine and active pharmaceutical
ingredient (API) drug manufacture.® Traditionally, a significant
number of bioprocesses are conducted in large vats in a batch
process or adopted for continuous processes.” Conventional
technology such as stirred tank reactors (STRs) or continuous
stirred tank reactors (CSTRs) suffer from inadequate mixing
conditions,"® reduced production rates, and limited mass
transfer, particularly that of oxygen, which is already a rate-
limiting factor in aerobic fermentation processes."’

On the other hand, technologies such as the oscillatory baffled
flow reactor (OBR) aim to shift industrial biotechnology toward
continuous manufacturing. One biotechnology company
currently operates a commercial OBR for their production of
enzymes, but due to confidentiality, they have not disclosed the
reasons for using the OBR.” Other laboratory-scale demon-
strations that have successfully enhanced the production rate or
performance include crys.tallization,12 fermentation processes,2
and production of biofuel,"’ polymers,'’ and microalgae."*
Continuous flow technologies are appealing to the bioprocess-
ing industry due to the potential in reducing footprint, waste,
cost, and energy compared to the batch process'” but are yet to
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reach industrial expectations. OBRs are suitable for bioprocesses
due to their increased production per unit volume,” low shear
rates reducing stress on cells,*® uniform and controllable mixing
independent of net flow allowing controllable residence time,'”
and improved scale-up capabilities.'>

OBR technology relies on periodically spaced baftles within
columns, in which oscillation is applied either by reciprocating
baffles'® or by fluid pulsations.'® As the fluid oscillates back and
forth against the constrictions, eddies are formed on either side
of the baffle. This results in the absence of dead zones or points
where no mixing occurs, achieving plug flow characteristics and
uniform mixing by altering oscillation parameters.'” When
OBRs are operated continuously, the application of oscillation
within the system decouples the mixing from the net flow,
whereby a pump drives the fluid forward, while the oscillatory
motion controls the mixing conditions.”” Similar to conven-
tional tubular reactors, where areas of no mixing are found close
to the walls, CSTRs suffer from areas of no mixing due to
propeller inefliciencies.
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Table 1. Scale-Up Studies Conducted on OBRs Consisting of Different Geometries, Scale-Up Strategies, and Analysis

simulation or

studies investigation experimental study scale-up type baffle type column number  reference
1 residence time simulation tube diameter moving single-orifice  single column 29
distribution bafile
2 residence time experimental tube diameter and length helical baffle single column 30
distribution
3 mass transfer experimental tube diameter multiorifice single column 31
4 axial dispersion experimental tube diameter and length single orifice single and 33
multicolumn
S axial dispersion experimental tube diameter and length single orifice single column 24
6 axial vs tangential velocity simulation tube diameter single orifice single column 32
ratio
7 design methodology tube diameter and length single orifice multicolumn 19
axial dispersion experimental reactor length single orifice multicolumn 25
9 tanks-in-series experimental reactor length, U-bend effect, and tube  single orifice multicolumn this work

diameter

Scaling up OBR technology while maintaining near-plug-flow
conditions is controlled through dimensionless numbers:
Strouhal, Reynolds number, and oscillatory Reynolds number.”’
CSTR mixing efficiency reduces with scale-up, whereas OBR
scale-up is said to be linear and therefore becomes more
appealing for production plants.”” Current research indicates
that near-plug flow is achieved at a velocity ratio between 4 and
8,% which is the ratio between the net flow and the oscillatory
parameters described later. Sutherland et al. reported a more
suitable velocity ratio between 2.5 and 3.5;%% however, these
ranges may not be optimal with varied OBR geometries such as
baffle sizing or spacing, U-bend inclusions, or scaling up.

Conventional tubular reactor systems for bioprocessing
would require an impractical reactor length to match the long
residence times. OBRs can be adopted for continuous
manufacturing bioprocesses with long residence times through
two routes: first, by expanding tube diameters and maintaining
the proven single or multiorifice baffled design;**** second, by
extending the reactor length with longer or more baffled
columns connected with U-bends.'” Additional U-bends and
columns increase pressure drop across the reactor from
increased friction and momentum changes, potentially damp-
ening oscillations. Furthermore, bioprocessing often requires
the addition of gas sparging of oxygen or carbon dioxide.
Identifying the influence of fluid oscillation and plug flow
characteristics when scaling up through these routes, as well as
the impact from sparging points and gas vents, requires further
investigation on their impact on residence time distribution
(RTD) curves and tanks-in-series (TiS) number.'®

Experimental design methodologies are often used to quantify
the axial dispersion within OBRs through the use of a TiS
model.”® Design of experiments (DOE) to evaluate key
operational parameters such as amplitude (x,), frequency (f),
and their corresponding dimensionless numbers is used to
maximize plug flow within the OBR system.”'”*"*”** Other
studies have investigated the impact of oscillatory parameters,
tube diameter, geometric designs, and baffle types on both axial
dispersion and mass transfer when scaling OBRs but usually
have confined it to a single column identified in Table 1.
Sutherland et al. expected mixing time to decrease with tube
diameter scale-up; however, when numerically modeled, a
proportional increase in mixing time was observed usin%
geometric similarity in a moving baffled column when scaling.”
Ahmed et al. found that when scaling a helical baffled column at
three different scales by extending the column length and tube
diameter, RTD curves are not affected, provided there is a

11182

geometric similarity and dimensionless numbers remain the
same across scales. In their study, a model was also developed to
predict the TiS value as a function of dimensionless numbers
when scaling a single-column helical baffled system.’” The same
author also investigated the scale-up of a single-columned
multiorifice oscillatory baffled reactor for gas—liquid mass
transfer by increasing the tube diameter and column height.
Ahmed et al. found that only the slug flow region could be
produced in the mesoscale OBR under the tested parameters.
Furthermore, the mass transfer coefficient increased with an
increase in the tube diameter.”" Ni et al. studied different single-
orifice baffles when scaling with the tube diameter using the axial
dispersion model in a single column both experimentally and
with simulated analysis. For the conventional close-fit single-
orifice OBR design, experimental and simulated data suggested
that the axial dispersion coeflicient scales linearly when
increasing the tube diameter for both batch and continuous
systems.”*” Smith et al. developed three OBRs at different
scales with geometric similarity and found that the axial
dispersion was not a function of tube diameter when scaling
through this route.”

Nevertheless, investigation of the scale-up feasibility for
continuous OBR systems is not as well documented regarding
the reactor length with multiple columns for both axial
dispersion and OBR mixing efficiency, which may become
limited due to the dampening of oscillations.'”*> Stonestreet
and Harvey identified a design methodology for scaling up
OBRs based on process residence times and required
throughput. It was identified that OBRs should be scaled by
the reactor length and increasing tube diameter while
maintaining geometric similarity to mesoscale OBRs and
dimensionless operating parameters such as oscillatory
Reynolds number, Strouhal number, and velocity ratio.
However, this study was under the assumption of uniform
oscillations along the entire reactor length due to a pressurized
double oscillatory piston working antiphase to each other at the
inlet and outlet; when in reality, it is likely that the midpoint of
the reactor length exhibited little to no oscillation in OBRs
hundreds of meters in length.'” Ni and Pereira investigated a 14-
column OBR, each 1000 mm in length, with connecting U-
bends using both the plug flow with axial dispersion model and a
continuous stirred tank with the feedback model. In the study,
low values of axial dispersion were achieved with Gaussian
distribution RTD curves produced along the reactor length;
however, no exact quantitative value was given for axial
dispersion at each section across the reactor length.””
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Figure 1. Experimental setup of the oscillatory baffled flow reactor; (a) top U-bend with aeration vents and probe ports; (b) full-scale; (c) baffled
column dimensions. Notations LU and HU indicate lower U-bend and higher U-bend with the number ascending based on the direction of flow.

In this article, the RTD was investigated for a novel design of
an OBR operated with various x; and f values. The RTD was
quantified using the TiS model to calculate the number of
CSTRs in series. The TiS model was chosen over the axial
dispersion model as it has been used extensively in previous
studies to characterize the mixing efficiency in OBRs,””>**73
its simplicity and robustness,” and independence from adding or
removing different sections within a reactor, making the addition
of columns possible without impacting the model, as well as the
independence to reactor length and flow rate.”® The Ti$ model
with back-mixing was not used, as the oscillatory parameters did
not exceed 16 mm (0.23 times the baffle length) or f> 20 Hz as
stated by Avila et al.” Application of a deconvolution through the
time domain using fast-Fourier transformation (FFT) was
evaluated to find the true RTD profiles.”” >’ An OBR system of
7 L with a tube diameter of 40 mm was used for this study. A
total of five baffled columns were used to evaluate the RTD
along the reactor length, noting both the effect of connecting U-
bends and reactor length. Considering RTD profiles along the
reactor under different oscillatory conditions helps to identify
any impact on oscillation dampening when scaling through the
reactor length and the effect of connecting parts like U-bends.
Obtained TiS values and RTD profiles are compared to those
achieved in current research.

2. MATERIALS AND METHODS

2.1. Experimental Setup. An oscillatory baffled flow
reactor (OBR) of 7 L was constructed with five columns in a
vertical orientation for continuous operation. Acrylic tubes of 40
mm internal diameter (D) and 50 mm outer diameter containing
§S316 baftled columns are shown in Figure la. SS316 was used

for corrosive resistance, as it is an industry standard for many
bioprocessing reactors. Each baffled column consisted of 12
interbaffled zones equally spaced at a distance of 1.8 D; the value
for maximizing mass transfer was the same as in Ni et al. study, "’
with baffles connected via 3 mm diameter rods, which act as
smooth appendages without impacting the flow.”" Each baffle
was 3 mm in thickness with a constriction ratio (@) of 20%
following eq 1, where D is the tube diameter and Dy, is the baffle
orifice diameter at 17.9 mm, as shown in the schematic in Figure
lc.

2
= (5]

D (1)

Each column is connected by U-bends adopted for gas
sparging into the reactor. At the base, poly(vinyl chloride)
(PVC) U-bends of 19 mm internal diameter were used, with a T-
junction at the base of the riser fitted with a sparging unit to
allow aeration. The top two acrylic U-bends had a central baffle
added to evaluate plug-flow characteristics with and without a
baffle. This baffle had a smooth constriction as opposed to the
column’s sharp constriction due to machinability ease. The top
U-bends had two probe ports for tracer measurement
immediately before and after the baffle. Two SS316 venting
columns were fitted along the center point of each OBR column,
as shown in Figure 1b. Each SS316 venting column had a
15D07MI oleophobic semipermeable membrane provided by
Sartorius, sandwiched within to allow gas to vent out. The
superimposed oscillatory flow was produced via a sinusoidal
scotch yolk mechanism capable of a frequency of 0.05—2 Hz and
an amplitude of 0.5—12 mm. The ranges of frequency and
amplitude were carefully selected to ensure a broad range of

https://doi.org/10.1021/acs.iecr.2c00822
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oscillatory Reynolds numbers with different parameters. The
oscillatory Reynolds number dictates the mixing intensity within
the OBR following eq 2 through parameters f and x. The net
flow was provided by a peristaltic pump controlled by in-house
electronics. The connection tubing to circulate from the reactor
inlet and outlet was 12 mm ID polyethylene tubing.

2.2, Oscillatory Baffled Flow Reactor Parameters.
OBRs are characterized by three dimensionless numbers:
oscillatory Reynolds number (Re,), Reynolds number (Re,),
and Strouhal number (St), as shown in eqs 2—4."

Re, = Dp2rfx,
H @)
D
St=
47, 3)
D
Re, = pu
H 4)

where p is the fluid density (kg m™>), p is the dynamic viscosity
(Pa's), and u is the linear fluid velocity (m s™"). Fluid density is
assumed to be constant using water at a value of 1000 kg m ™ and
a dynamic viscosity of 0.001 Pa s. The tube diameter (D) was
fixed at 40 mm, and the linear velocity was fixed at 0.007 m's "/,
corresponding to a flow rate of 0.0083 L s™' and Re, of 263. As
the study focused on the effect of oscillatory parameters and
scale-up feasibility, a single flow rate was used.

Re, describes the intensity of oscillatory mixing within the
column, St represents the eddy propagation between each
interbaffled zone where St is inversely proportional to x;, and
finally Re, is the Reynolds number that determines the ratio of
inertial force with viscous force from the net flow within a tube.'°
Re, must be higher than the Re, to ensure the eddies produced
by oscillatory motion are not carried off downstream before fully
evolving” Equation $ determines the ratio between the two
Reynolds numbers for identification if the value is above 1,
indicating a degree of flow reversal, and used as a guideline to
determine the plug-flow conditions within the reactor.*” This
ratio is known as the velocity ratio (), where in this study, the
range assessed was from 0.28 to 15.92. This range was selected
based on current observations in the literature for maximizing
plug-flow conditions and Ti$ values.”*

yo B _ [
Re, u (%)

2.3. Experimental Design. Optimization of the TiS value
using input parameters f and x, was done with a full factorial
design of experiments (DOE) using JMP Pro 19 software. Each
was given four levels, with all experiments replicated a minimum
of three times. Four levels were chosen due to prior knowledge
of varying TiS values at a range of oscillatory parameters. A
center point was also added, which was tested periodically
throughout the study to account for potential variation between
different days. Dependent variables derived from the amplitude
and frequency in the form of dimensionless numbers calculated
through eqs 2—S5 (Re,, W, and St) enabled statistical regression
analysis using JMP Pro 19. A single baffled column was evaluated
on TiS number to identify trends with the DOE runs. Additional
baffled columns were later added to verify the trends based upon
velocity ratio. A single flow rate was used to understand the
effect of oscillatory parameters on TiS number. The amplitude
and frequency used in this study were chosen based on their

combined dimensionless numbers such as the velocity ratio and
oscillatory Reynolds number, when operated at a flow rate of
0.0083 L's™". The DOE consisted of a minimum of 66 runs with f
and x, at values = 0.3, 0.8, 1.4, and 2 Hz and 1, 6, 8, and 12 mm,
respectively; the central point was 6.5 mm, 1.15 Hz. During
experimentation, 12 mm, 1.4 Hz and 12 mm, 2 Hz were not
attainable; therefore, x, was decreased to 10 mm at 1.4 Hz with 2
Hz being removed. Table 2 below gives the range of each

Table 2. Experimental Range of Independent Variables
Amplitude and Frequency, the Respective Range of
Dimensionless Numbers, Flow Rate, and Range of Mean
Residence Times Attained

condition range
amplitude (mm) 2—12
frequency (Hz) 0.3-2
oscillatory Reynolds number 75—4189
Strouhal number 0.27-3.18
velocity ratio 0.28—15.93
flow rate (L s™") 0.0083
mean residence time (s) 59—-185

oscillatory parameter, dimensionless numbers, flow rate, and
mean residence times of runs within the DOE. Collected data
were processed using MATLAB for deconvolution and TiS
number calculation before being statistically analyzed within
JMP Pro 19.

Input parameters and their interaction were statistically
analyzed to gauge if they are significant predictors for the
response function, ie., TiS number. Second, outliers found
within the data set were replicated based on the standard
deviation and quartile range of the distribution. Finally, two
models using the partial least squares methodologies were
produced, one looking at independent input parameters and a
second with dependent parameters as predictors for output
response TiS number.

The mathematical model, which relates factors and response,
was a typical regression problem as in eq 6

K K K
Y= fy+ D BX+ DX+ D AXX + e
i=1

i=1 i=1

(6)

where Y is the response, in this case TiS, X; is the amplitude, and
X; is the frequency, where i and j are the index numbers of the
interaction pattern K. The effects and interactions are denoted as
By Bis By and By, where i is first order, ii denotes quadratic, iii
represents cubic, and ij is the interaction factor. 3, and € are the
intercept and error terms, respectively. The accuracy of the
model is evaluated on the R* value, which determines the degree
to which the model fits the data. The first model for the
independent parameters fitted with a cubic polynomial
regression model attained an R* of 58% with a root mean
square error (RMSE) of 1.69 based on 89 observations. With the
analysis of variance, the F-test found a probability of F < 0.001,
indicating a very strong correlation between factors and
response. However, as the model fit was quite low, further
trends using dependent variables were selected. The P-value for
each parameter within this model was below the significant
threshold of 0.05. The interaction between amplitude and
frequency was the most significant factor, with a P-value of
<0.0001. The R* of this model could be improved by replicating
experiments several times. However, as amplitude and frequency

https://doi.org/10.1021/acs.iecr.2c00822
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cannot be directly used as a prediction parameter for TiS when
scaling up, it was decided to develop a prediction model using
the dimensionless variables. This is because when considering
the dimensionless variables, the reactor geometry and net flow
rate are included, making it a more suitable scale-up predictor.

The second model was developed following the same
methodology as above using the dependent variables Re,, v,
and St, similar to the approach as Ahmed et al.”” Dimensionless
numbers were calculated using eqs 2—S5, and a model was
developed to predict the TiS value with an R* of 81% and a root
mean square error (RMSE) of 1.10 based on 89 observations.
Again, the R* value is suitable for this investigation but could be
improved by replicating runs. Outliers have been identified in
certain DOE runs and have skewed the model; therefore,
replication of these runs could drive the correlation coefficient to
higher values, but this is out of scope for the purpose of this
study. The F-test found the probability of this model to be
<0.001, implying a strong correlation between the factors and
response. The P-values for each factor are presented in Table 3.

Table 3. P-Values for the Cubic Polynomial Regression
Model for Predicting the TiS Value based on Dependent
Variables

source P-value
St 0.00000
St 0.00000
St 0.00000 A
Re, X y X St 0.00000
Ré? 0.00000
Re, X yr 0.00001 A
e 0.00002
Re, 0.00004 A
v 0.00006 A
Re’ 0.03976
St X yr 0.48951 A
Re, X St 0.54079 A

Any P-value above 0.05 was removed from the model unless
required for significant hierarchy terms denoted as A in Table 3.
Figure 2 shows that a substantial proportion of data lies within
the confidence fit shaded red within the figure. This implies the

15 -
.
=
312 A .
= .
g ° !:o
2 9 : :
= L
&
£ 6 M
5 o‘. o
3 > .
w 3 ‘ .o..
0 T T T T 1
0 3 6 9 12 15

Predicted TiS value(N)

Figure 2. Parity plot of the experimental TiS value against the predicted
TiS values N. Predicted vs experimental resulted in an R* of 81% for a
single baffled column. The band represents a 95% confidence fit band of
the predicted against the experimental results.

prediction model is satisfactory in predicting TiS using
dimensionless numbers. The predictive equation from model
2, which uses the dimensionless to predict TiS, is presented in eq
7.

N = 110 — 0.958Re, — 1195t + (Re, — 1390)
X (0.154 — 0.134St) + 247y

+ (Re, — 1390) x (16.0 — 3.08y) + (St — 1.15)
x (39.8y — 207)

+ (Re, — 1390) X (St — 1.15) X (0.00158y X 0.00823)

+ (Re, — 1390) X (0.000000535—0.000000000384Re,)
+ (St — 1.15)

x (18.8 — 16.35t) + (St — 1.153) x (St — 1.15)
X (46.4St — 53.5)

+ (y — 5.20) X (447w — 2320)
(7)

2.4, Residence Time Distribution Experimental Setup.
For tracer experiments, 0.005 L of potassium hydroxide (KOH)
solution (10 mM) was injected 200 mm upstream of the reactor
entrance, followed by a 0.04 L water flush. Due to the volume of
the reactor, tap water was used as the bulk fluid and fed from the
tap into a buffer tank before being pumped into the reactor to
negate any impact on the flow from the water pressure. All
experiments were conducted at room temperature (21 + 2 °C).
Injection of both tracer and water flush was performed overa 3.5
s period. Due to the distance between the tracer injection point
and the reactor inlet, some tracer dispersion may occur.
Therefore, a deconvolution to remove the dispersion between
these points was conducted through deconvolution in the time
domain using the inverse fast-Fourier transformation of the inlet
signal from the outlet signal to obtain the true outlet signal. Two
pH probes (Mettler Toledo LE407) with a measured response
time of 10 s were connected 50 mm from the inlet and outlet of
the reactor and controlled through an Arduino. Data were live-
streamed into Excel using data streamer software at an interval of
1 s, with the value converted into a concentration of hydroxide
ions, as in the study by Abbott et al.” Each experiment was run
until the pH returned to its starting value.

2.5. Deconvolution Using Fast-Fourier Transforma-
tion. Instantaneous pulse injections at ¢ = 0 are only possible in
ideal scenarios due to the short lag period before the tracer
enters the vessel. This, in turn, creates a degree of tracer
dispersion uncaused by the reactor itself, affecting the final
measured RTD curves; hence, the outlet concentration cannot
be directly used to derive the TiS number. Therefore, sensors
were placed at both the inlet and the outlet of the vessel to
equate the real-time-dependent concentration within the vessel
through calculated deconvolution shown in eqs 8—10.

E(t)out = (EEm)t (8)

where E(t),,, is the outlet response, E,, is the inlet response, and
E is the real outlet response. The inverse fast-Fourier
transformation is used to convolve the product through eq 10
and is used to transform the function to obtain the real RTD in
the vessel.

F(Co) = F(E-C,)) = F(E)F(C,,) 9)
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E=F(F(E)) = p—l[—F (Cow) ]

F(Cy) (10)
where C;, and C,, are the normalized concentration of
hydroxide ions at the inlet and outlet of the OBR and E is the
real normalized outlet concentration.

2.6. Residence Time Distribution (RTD) Analysis. TiS is
calculated through normalized RTD curves obtained during
tracer experiments and after deconvolution using eqs 11—16 as
in previous studies,””**® from collected hydroxide ion
concentration data. Concentration data are required to generate
the RTD curves; therefore, pH is converted into OH hydroxide
ion concentration using eq 11.

C, = 10”1t (11)
0

a=[G )
G

BO) =7 (13)

N G

r=2 (14)

t
o=7 (15)
E(0) = t'E(t) (16)

where pH is the measured value at each probe, C; and t; are
hydroxide ion concentrations in mM and time at point i, A is the
area under the curve when C; vs t; is plotted, E(t) is the residence
time distribution, t' is the mean residence time, @ is the
dimensionless time, E(@) is the normalized residence time
distribution, and N is the number of tanks-in-series. The
variance is also used to determine the distribution of the tracer in
the vessel and is calculated through the normalized variance as in
eq 17. In an ideal plug flow reactor, there is no dispersion of the
tracer within the reactor, and thus 6,* = 0.
o(t)’

2

o(0) = fo (0~ 17E@) do = 7
X ((t = t) X E(t)At)
B £2 (17)

Therefore, using the TiS model, the level of plug flow within
the OBR can be quantified by calculating the number of CSTRs
in series (N). If 6(6)* measures the dispersion from the mean
residence time, E(6) is the exit age distribution or normalized
mean residence time distribution, and At is equal to 1, then the
number of TiS can be derived from eq 17 as per eq 18.

2 2

£ t
ot Y (1 - ¢ x E(t)AL) (18)

The TiS model allows quantification for CSTRs in series.”® As
N increases, it implies the flow tends toward plug flow. Mixed
flow will occur at values of N < 3. Plug flow is theoretically
reached when N becomes infinite, but adequate plug flow is
achieved at N > 10.” Within the proposed OBR, each
interbaffled zone can act as a compartment for a single CSTR;
this setup consists of 12 interbaftled zones in a single column and

60 in the entire system. 7 is used to approximate the efficiency of
the TiS number to the theoretical maximum as in eq 19.

t (19)

where N, and N are the experimental N value and theoretical N
value based on the number of interbaffled zones within the
system and 7 is the ratio between the two.

Evaluation of the TiS number across the entire reactor was
conducted in an equivalent manner to that discussed above and
measured along five different locations. These locations are
taken after each U-bend along the five-column reactor and
identified either as the lower U-bend (LU1) or the higher or
upper U-bend (HU2). The number was then ordered from left
to right when, as shown Figure la.

3. RESULTS AND DISCUSSION

3.1. RTD Curves. An injected pulse of the KOH tracer was
fed into the reactor, and the measured pH value was converted
to hydroxide ion concentration to produce concentration
profiles. Each concentration value was normalized before
deconvolution in the time domain through fast-Fourier
transformation (FFT) to remove dispersion occurring between
the injection point and inlet of the reactor to produce the real
outlet function.

Corresponding deconvoluted normalized RTD E(t) curves
are shown in Figure 3, indicating the effect of varying velocity

0.025 1

0.02 -

Dimensionless time (0)

Figure 3. E(t) time profiles for a single-column oscillatory baffled
reactor showing a variation in the residence time distribution when
varying the velocity ratio.

ratios ranging from 0.28 to 15.93. In an ideal scenario, plug flow
conditions occur when the outlet signal becomes symmetrical
around the mean residence time (6 = 1).’ Figure 3 shows that a
much larger axial dispersion occurs with a velocity ratio of 4.55
than at a velocity ratio of 2.27. When evaluating the number of
TiS, the maximum achieved was with a velocity ratio of 2.27 (x,
8 mm; £, 0.3 Hz) and the lowest at a velocity ratio of 13.26 (x,, 10
mm; f, 1.4 Hz). Additionally, the curves become nonasymmetric
around (6 = 1) with peak tailing when the velocity ratio is >4.5S;
this indicates the degree of back-mixing caused by the reverse
stroke of the piston during oscillation, causing a loss of plug flow
characteristics at this range.*’ Several studies have looked at the
velocity ratio effect on the TiS number for OBR systems and
found that the ideal range for maximizing this value is between 2
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Figure S. Scatter profile of predicted TiS from eq 7 and the experimental TiS against velocity ratio.

and 4,*° although a range between 2 and 10 has also been
reported to reach near-plug-flow conditions.”

Before running the TiS model in full, all results were
normalized, followed by deconvolution, by removing the
measured inlet results from the measured outlet to provide the
real outlet function of the reactor.

Deconvolution was conducted in the frequency domain by
fast-Fourier transformation (FFT), as shown in eqs 9 and 10.
Some issues included the loss of intensity (Figure 4a) and large
amounts of noise added to the transformed outlet function (E),
similar to that reported in the literature.”” ~>” The absence of a
curve smoothing function resulted in deconvoluted peaks with
major noise on both tails. When a curve smoothing function was
applied, the noise could be removed to allow a simple and fast
deconvolution processing methodology. Simple curve smooth-
ing through the Savitzky—Golay filter before and after
deconvolution and data normalization before deconvolution
was suitable for smooth E signals with little noise and no loss in
intensity. When running a deconvolution with a normalized data
set, the resultant E curve (Figure 4b) increases the maximum
peak height slightly with a minor peak shift due to the removal of
mixing prior to the OBR entry.

3.2. Effect of Operation Amplitude and Dimensionless
Numbers on the TiS Number. Parameters selected for the
DOE to achieve near-plu%-ﬂow conditions were based on that
reported in the literature.”*” A velocity ratio greater than 1 is
needed to ensure full flow reversal; otherwise, no vortices are
produced on the downstroke.” However, to maintain a full DOE,
velocity ratios below one were used to note any influences as it is
often discussed that variables such as Re,, St, and y for a
continuous OBR system can be used at any scale to predict the
range in which the TiS$ is maximized."® In this particular system,
the spacing of baffles moves away from a conventional 1.5 D to
1.8 D to maximize mass transfer reported by Ni and Gao."
Additionally, a tighter baffle constriction ratio (20%) compared
to the standard (25%) was used, giving more reason to include
these experimental runs. The velocity ratio against the TiS
number is shown in Figure S. As the velocity ratio drops below
2.27, the TiS value begins to decrease. Similarly, as the velocity
ratio begins to increase above 2.27, the TiS number begins to
decrease before leveling out at a relatively constant value. This
result is similar to that from the study conducted by Ahmed et
al., who found that when scaling a single column through length
and tube diameter, an increase in the velocity ratio signifies an
increase in the oscillation intensity and therefore the vortex size,
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Figure 6. Experimental TiS number (N) as a function of velocity ratio: (a) against amplitude; (b) against frequency.

causing N to decrease.”” Compared with this study, as the flow
rate is fixed, the velocity ratio increase is proportional to Re,;
hence, as either x, or fincreases, the velocity ratio also increases.
Therefore, past a velocity ratio of 2.27, the TiS begins to
decrease, which coincides with an increase in axial disper-
sion.>*** The fluid kinetics which explains the decrease in TiS,
and therefore an increase in axial dispersion relates to both the
axial and radial mixing within the reactor. As stated by Smith et
al., a minimum axial dispersion is achieved at a certain Re,, where
the vortices created by the net flow and fluid oscillation
redistribute the tracer in a radial direction only. Any further
increase in the oscillation intensity will increase the axial
dispersion as well as radial dispersion, indicating that oscillation
is the predominant variable of axial dispersion.”” The TiS
number is unusually high at velocity ratios of 0.76 and 11.37,
corresponding to x, and f of 1 mm, 0.8 Hz and 6 mm, 2 Hz,
respectively. When the flow regime has no oscillatory motion
applied (y = 0), a TiS value of 2.92 is achieved, acting as one
fully mixed vessel, indicating that the addition of oscillatory
motion within the tested range will tend toward plug flow
conditions; this correlates with earlier studies where similar
results were experienced.”* Although the experimental range of
TiS values within this part of the report lies close to the
minimum for plug flow within OBRs, there is still a clear trend
depicted, as shown in Figure 5. The scope of this investigation
aims to identify the region of oscillatory parameters that
maximize TiS values, including the operational parameters,
amplitude and frequency, and their respective velocity ratios for
an OBR operated under continuous conditions. This was then
used to investigate how U-bends and additional columns affect
TiS values in these regions and how these observations compare
with the literature. The trend found in Figure 5 is verified within
this report in Section 3.3 to determine how a selection of velocity
ratios in a single column would translate in a larger system for
experimental TiS values. The predicted model TiS values are
also shown within the figure to show how they compare against
the experimental results.

When using a constant bulk fluid at a constant flow rate, the
velocity ratio is proportional to Re, and, therefore, the product of
fand xq, as shown in eqs 2, 4, and S. In this case, two contour
plots are shown in Figure 6, where the TiS number is shown as a
function of y and either x or f. Figure 6a shows the entire range
of frequencies for each respective amplitude on the x-axis used
within the experimental design shown in Table 2, ie., at an
amplitude of 6 mm, all frequency values (0.3, 0.8, 1.4, and 2 Hz)
are included. Similarly, Figure 6b contains the entire range of

amplitudes for each respective frequency on the x-axis used
within the experimental design shown in Table 2, ie., at a
frequency of 0.3 Hz, all amplitude values (1, 6, 8, and 12 mm)
are included. There are specific regions in Figure 6a, where the
TiS number increases mainly as x increases and the y remains
below S, indicated by the bright red region. This finding is in
contrast to the commercial DN6 and DN15 OBR reported in a
study conducted by Oliva et al., where higher xy broadens the
RTD responses due to the increased back-mixing from
oscillation backstrokes.*> This can be explained by the larger
spacing between baffles (1.8 D against 1.5 D), allowing longer
piston strokes and eddy propagation without the dispersion of
the tracer into adjacent baffled sectors. This allows higher
amplitudes to attain plug flow characteristics while the net flow
controls the movement of the tracer.*” Furthermore, high TiS
values are achieved when fis at the lower end of the experimental
range corresponding to y near 2. The TiS number is maximized
around a value of = 2, and hence high x (8—12 mm) appears
to produce higher TiS numbers. There is also a region at both
low y (<1) and x¢ (<3 mm), implying there could be increased
TiS values at lower x, provided a = 2 can be achieved through
adjustment of f. This would need further investigation to
confirm. It is noted that although maximizing plug flow
conditions may appear optimal, they may not be suitable for
all reactor applications, in this case, bioprocesses. For example,
on the one hand, in a study where enzymatic hydrolysis is
conducted, high velocity ratios compared to this study were used
to ensure adequate mixing and full suspension of solids
occurred.*” On the other hand, high velocity ratios imply higher
shear stress rates on cellular cultures, which could be detrimental
during cultivation.'®

As discussed, a lower f (<0.5 Hz) implies a higher TiS (>8), as
shown in Figure 6b, as indicated by the bright red region in the
bottom left figure. The issue with running low f within OBR
systems concerns the possibility of fouling or dead spots
occurring due to the lack of energy to fully suspend particles, for
example, in crystallization reactions.”® In theory, provided y
remains around the value of 2, a higher f can be used to maximize
the TiS value. A similar observation can be made for x5. Other
studies find that the impact of f on the tracer dispersion is
uncorrelated and has more of an influence on RTD skewness or
tailing™ but improved mixing.**

Observing any synergistic impact of x5 and f on the TiS
number provides limited results. When comparing their
contribution to y and their TiS number, some regions tend
toward plug flow conditions, such as the lower f (<0.5 Hz) and
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higher xo (>6 mm), as shown in Figure 7a. The main findings
from this figure are that as y nears 2, the TiS value increases,
favoring a high x (>6 mm) and low f (<0.5 Hz). However, there
are other regions of combined parameters that have some degree
of plug flow conditions. There is a payoft between the mixing
intensity required and the level of plug flow for the application.

In Figure 7b, a lower value of St provides a high TiS number.
When calculating high Strouhal values with eq 3, it requires a
small xg. To then reach y near 2 requires f > 2 at the current flow
rate. Figure 7b does show that with a Re, between 500 and 1500,
corresponding to i between 2 and 6, tends toward plug flow
conditions for this reactor system.

3.3. Change of RTD across the Reactor Length. It is
stated that plug flow is achieved when N > 10.”” The theoretical
maximum TiS is equal to the number of interbaffled regions
within the column; in this case, it is 12. In this report, a single
column reached a maximum TiS of 13.38 at 8 mm and 0.3 Hz.
The explanation of the TiS exceeding the theoretical maximum
is likely due to the small distances between the inlet and outlet
probes of the reactor acting as mixing vessels, similar to that
described in the connection of two baffled columns in another
study.” Also, with the majority of TiS numbers below the
threshold of plug flow conditions, it could be perceived that the
tested experimental setup is insufficient to determine parameters
that affect plug flow conditions. An additional four columns were
added to the system, as shown in Figure 1a, to validate the trends
found in Figure S. When adding additional columns, five
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selected velocity ratios were evaluated within the full system, and
the RTD was measured initially at the reactor outlet only. TiS
results for the full system at the outlet only are found in Figure 8,
whereas the TiS at various stages along the length of the reactor
is shown in Figure 9 to understand the variation of the TiS
number with additional columns, U-bends, and different y
values.

Figure 8 shows the achieved TiS values (Figure 8a) alongside
the percentage against the theoretical maximum (Figure 8b)
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Figure 9. TiS value measured at separate locations along the OBR for
the full five-column reactor.
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with two different setups: a single column and the full five-
column connected system. Percentage 7 (%) is used to compare
the differences between the two systems while maintaining
constant parameters elsewhere. As shown in Figure 8a, the trend
for the TiS number relative to the velocity ratio is similar for all
. The maximum TiS value closest to the theoretical maximum
is at y = 2.27, achieving an average total system N = 43.67.
Compared with y = 0, in which no oscillatory motion is applied,
both single column and full system TiS numbers are lower,
reaching an average of N = 14.99 in the full system, confirming
the previous observation that the application of oscillatory
motion will tend to plug flow conditions. This is due to the lack
of vortex formation in the laminar flow regime without
oscillatory motion.*® Similarly, at a velocity ratio of y = 0.28,
there is only a slight oscillatory motion placed on the net flow;
hence, little to no flow reversal is exhibited and acts like flow with
no oscillatory motion, explaining a similar TiS value to that of y
= 0. In each experiment, the five-column setup achieved a lower
percentage 17 (%) for the single column. Figure 8b shows a loss
between the single column and multicolumn system averaging
around 20—30%, dependent on the velocity ratio. This is similar
to what was experienced in a study conducted by Egedy et al;
however, their findings were a lot more dramatic, with up to
71.4% oscillation dampening experienced after the first U-
bend."” It appears that larger losses are experienced when y is at
the extremes of the tested range. The mixing conditions become
more turbulent due to more energy being put into the system
from an increase in Re,.”” As discussed earlier, the combination
between net flow and oscillatory motion past a certain velocity
ratio will increase the axial and radial mixing. Therefore,
oscillations are the predominant variable of axial dispersion,
forcing the tracer to spread into adjacent interbaffled zones.”
This explains why at higher values of y, as shown in Figure 8b, a
larger decrease in ] is shown at = 11.32 compared to y = 2.27.
The same can be said for significantly low values of i, where Re,
cannot dominate the net flow, and the vortex cycle cannot be
realized, causing mixing to be controlled through molecular
diffusion alone, and is shown in the data aty= 0.28.%° A decrease
in the TiS value when scaling up is more likely caused by the first
U-bend, which immediately creates nonasymmetric eddy
formation along the entire reactor system. This sudden change
in momentum forces eddies to collide with each other around
the U-bend, which, in turn, propagates down both connecting
columns. The addition of multiple U-bends and additional
baffled sections may also further decrease the TiS value along the
reactor. Comparing these results with Figure S, the velocity
ratios used and their respective TiS values in both the single-
column and five-column systems compare well. If using the
trend from Figure S alone, it is expected that the respective TiS
numbers for each y should ascend from 0, 0.28, 11.32, and 3.41
and maximize at y = 2.27. When comparing the experimental
results in the full system, the trend is similar to that at y = 0
having the lowest average TiS value of 14.99, = 2.27 having the
highest value of 43.67, and the second highest value of 35.2 from
y = 3.41. This set of results aligns exactly with the trend set in
Figure 5. As for y = 0.28 and 11.37, their TiS values in the full
system were 18.05 and 15.52, respectively. According to Figure
S, the finding is in contrast for iy = 0.28, having the second lowest
TiS value; however, when observing the error bar in both Figures
S and 8, there is an overlap between both values and outliers
could be skewing the values.

With five additional columns, the TiS number increases at the
outlet due to the increasing number of interbaffled zones within

the system, as shown in Figures 8a and 9. The TiS number across
the five-column reactor was found to change effects depending
on the measured location, as shown Figure 9. The highest TiS
value experimentally determined across each section of the
reactor was at i = 2.27 (8 mm, 0.3 Hz), identifying this to be the
optimal set of parameters explored, followed by y = 3.41. It is
expected for all y that the TiS value should linearly increase as
the length of the reactor increases, similar to that which occurs
within Figure 9 for a velocity ratio of 2.27. It shows a steady
increase in the TiS value as the interbaffled zones increase, either
by adding additional columns or extending the column length.
However, the measurement point in higher U-bend 1 (HU1)
gave only a very slight increase in the TiS value against its
previous measurement location (LU1), which goes against the
expected linear trend. HU2 exhibits an unusual phenomenon
where even though the tracer will have passed through more
interbaffled zones (36 interbaffled zones at LU2 and 48
interbaffled zones at HU2), the TiS value is reduced for most
. If the tracer has maintained plug-flow-like conditions, the TiS
value should have increased linearly at each measured location.
However, the data suggest that between LU1 and HU1 and LU2
and HU?2, there is a significant increase in axial dispersion as the
TiS value has not increased. Furthermore, there must have been
a significant increase in axial dispersion between LU2 and HU2
due to the decrease in the TiS value between each location for
the tested values of y.

The varied axial dispersion that occurred along the reactor
length could be due to several reasons. The lack of increase in the
TiS number between LU1 and HU1 is most likely attributed to
the U-bend geometry in LU1 and the entry into HU1. In both
LUs, there is a lack of baffles within along with several locations
for tracers to stagnate. It is well documented that baffles promote
mixing within the tube, forcing vortex rings to form downstream
of the baffle***** On each backstroke, the flow is then
reversed, sweeping the vortex into the middle of the channel
before the cycle repeats on the next oscillatory phase.*” In a tube
that lacks baffles, the vortex formation will therefore not occur
and radial mixing becomes dependent on molecular diffusion
and axial mixing on the net flow, leaving areas for the tracer to
build up. Additionally, the tracer moves slower around the
outside radii of the U-bend with a lack of baffles and faster on the
shorted internal radii of the U-bend as visually observed by
Mackley and Ni using flow visualization experiments.*® A similar
scenario occurs at the entry to HU1, in which there is a large gap
between the final column baffle and the 90° bend. Commercial
OBRs such as the DN15 and DN6 used in other reports contain
baffled U-bends, which are likely to maintain the near-plug-flow
characteristics along the reactor length.'>*>*° Another explan-
ation for a dramatic drop in TiS at HU2 is due to the
measurement ports and membrane ports. As the fluid enters
from the riser column into HU, it hits an area where reduced
mixing may occur, as shown in Figure la. In a single-phase
operation, the gap is filled with liquid, whereas when operated
for its purpose, the gap is filled with excess gas to be removed. It
is highly likely due to the lack of crossflow or vortex formation
around these locations that the tracer stagnates and only
removes itself due to molecular diffusion. Once out of the HU,
the tracer enters back into the cycle of vortex formation on either
side of the baffles and maintains a near-plug-flow behavior.

Another explanation refers to the method in which TiS data
were collected. The fact there are risers and downers in this
setup could mean gravity provides an additional back-mixing
mechanism to the tracer. When selecting tracers, it is very
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important to ensure the physical and chemical properties have
no bias involvement with the bulk fluid.’" A small set of
duplicated experiments were run using different molar
concentrations of the tracer (1, 0.1, and 0.01 M) using y =
2.27, with other parameters remaining the same. Figure 10
shows that the density of the tracer has no significant impact on
the trend of the TiS value along the reactor length.
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Figure 10. TiS value along the reactor length using different molar
concentrations of the tracer.

Figure 10 shows a similar pattern to that shown in Figure 9,
where there is a slight difference in the TiS value from the
measurement point LU1 to HU1 and a decrease in the TIS value
from points LU2 and HU2. This indicates that the density of the
tracer has no significant impact on the TiS values within the
tested range. Apart from the concentration profiles increasing as
the molar concentration increases, there is a minor variation in
the TiS number at each point along the reactor length.
Surprisingly, the lowest molar concentration of 0.01 M
produced the highest TiS value of 48.39 at the outlet, implying
that even at extremely low concentrations, a RTD profile can be
determined. Ni et al. also investigated the impact of tracer
density on the RTD profile within an OBR with geometry
similar to this study. They reported that, overall, the density of
the tracer was independent of axial dispersion within the tested
range. However, they also found, but could not explain, a slight
increase in axial dispersion when increasing the tracer at the
lower ends of the tracer density range tested, whereas the results
reported in this study found that a lower tracer concentration
resulted in an increase in TiS values. If taking the range of error
bars into the discussion, it could be argued that the lower the
concentration of the tracer, the higher the TiS value produced;
however, the trend of TiS at different points along the reactor
remains the same. The RTD curves for each location are
depicted in Figure 11. The Gaussian distribution of the RTD
curves exhibited limited axial dispersion away from the center
line of each E(t) curve, implying near-plug-flow conditions along
the reactor length. These plots are similar to figures made of
other multipass OBR setups, exhibiting minimal axial dis-
persion.12’33

3.4. Scaling the OBR for Bioprocesses. Many chemical
reactions can take several hours to complete, which are feasible
in small OBR systems such as the commercial COBR15.">*>*°
However, bioprocesses can take several days, which would
require impractical lengths in conventional tubular reactors for
continuous processing where mixing is reliant on turbulent fluid
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Figure 11. RTD curves at separate locations for the parameters that
achieve a maximal TiS value within the data set (five-columns with y =
2.27, x5 = 8 mm, and f = 0.3 Hz).

flow.'® OBR systems are known to disassociate the mixing from

the net flow and enable uniform mixing throughout, providing y
is above 1.'"® Therefore, achieving these long residence times is
more realistic with an OBR compared to conventional
continuous flow technologies. An OBR design methodology
proposed by Stonestreet and Van Der Veeken discussed how
reaction kinetics can be understood within a batch OBR first to
identify the reaction residence time. Followed by RTD
experiments to identify optimal dimensionless numbers to
maximize plug flow characteristics, both these data sets can be
combined and translated into a larger commercial scale system.
Using the dimensionless number velocity ratio, the reactor
length can then be determined by selecting a column diameter
and combining reaction residence time with mean residence
times found in the RTD experiments.’ In the OBR used in this
study, one could design a reactor of known length and adjust the
flow rate so that the mean residence time is equal to the reaction
residence time while maintaining a velocity ratio of 2.27 using
the oscillatory Reynolds number. The OBR studied in this
report reached a minimum mean residence time of 900 s at i =
2.27 and Re, = 263 in the full five columns. This was calculated
from eq 14, which is 7% higher than the hydraulic residence
time. This is similar to a study by Reis et al. with a difference of
32.5% between the mean and hydraulic residence time, whereas
Phan and Harvey identified the mean residence time to be 8.5%
higher than the hydraulic residence (hydraulic residence time is
crudely calculated from the reactor volume divided by flow
rate).””> For a bioprocess with a 2-day residence time, this
would require a reactor of 1420.8 m, assuming mean residence
time scales linearly, and the same flow rate is used. The reactor
length of this magnitude is likely infeasible due to oscillation
dampening. Therefore, bioprocesses using OBRs should either
operate as single batch columns, or system recirculation units, or
reduce the flow rate with a moderate reactor length increase.
Although this study did not investigate the impact of net flow
on scale-up feasibility, several studies have investigated the
combination of dimensionless numbers, including Re,, with axial
dispersion. Abbott et al. found that with an increasing flow rate
of Re, = 73—259, there was an increase in the TiS value
recorded.” Similarly, Stonestreet and Van Der Veeken observed
the same trend when increasing the Re,, between 95 and 252.%
They explained that at Re, = 100, the vortex size was significantly
larger than that at Re, = 10. It appears that the TiS number
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Figure 12. (a) Minimum flow rate required for an OBR to maintain a Reynolds number above S0 at different tube diameters for a microalgae
bioprocess. (b) Percentage of the maximum TiS number in comparison to the theoretical maximum TiS at separate locations across the reactor.

increases with the net flow as stated in both reports within their
tested ranges of net flow. However, increasing TiS by increasing
Re, is limited to a point, as once the net flow reaches the
turbulent region, both baffles and oscillatory motion will have
little effect on axial dispersion.*® A more recent study by Briggs
et al. found that Re, had little impact on the axial dispersion
coefficient,'” which contradicts the studies aforementioned by
Abbott et al. and Stonestreet et al. It may appear that rather than
influencing axial dispersion, the net flow should control the
mean residence time only, and the oscillatory Reynolds number
should control the mixing and maintain the desired velocity
ratio.

Studies have concluded that a minimum net Reynolds
number of 50 is required to achieve convection.” However,
high levels of plug flow have been achieved at values as low as Re,,
= 10 in smooth periodic and helical baffled systems,”*** albeit
the scale is significantly smaller. Flow rates resulting in Re, < 10
report that Re, has little impact on axial dispersion,”” with axial
dispersion through baffled sectors increasing due to lack of
transport along the reactor length.42 Furthermore, a minimum
net oscillatory Reynolds number of 130 must be met to achieve
near-plug-flow conditions alongside adequate mixing within a
continuous OBR,”” which could incur very high velocity ratios at
these ultralow flow rates. In a study conducted by Slavanic et al.
using low Re,,, they found that when high x; and low f are used to
reach a higher Re,, the fluid operates with low levels of axial
dispersion and with adequate mixing,” providing y > 1.>* The
current research found a trend of higher TiS values at x, (8—12
mm) in the single-column experiments compared to values
below 6 mm. Thus, the five-column system design could prove
beneficial for use as a bioreactor as lower flow rates can be used
while reaching adequate mixing and longer residence times.

It is important to understand the reaction kinetics within an
OBR before designing a reactor due to the potential impacts of
their enhanced mixing properties. Additionally, OBR mixing
benefits from low power requirements when maintaining a
velocity ratio between 2 and 4 compared to CSTRs.'®"
Bioprocessing products vary in value dramatically, with many
manufacturing processes requiring large volumes between 2 X
10* and 2 X 10° L in STRs with scaling factors between
thousands to millions from lab to commercial scale to make
them economically practical.’® The only reported commercial
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pilot OBR for bioprocessing is up to 25 L, and although the
production throughput was dramatically increased,”” either one
large-scale system or multiple small systems would be required
to reach commercial outputs. A second issue with continuous
bioprocesses in OBRs is the lack of aeration and feed points and
oscillation dampening caused by either aeration, suspended
solids like cells, momentum changes, and friction through the
numerous baffled constrictions.'® Scaling OBRs to pilot plant
and production plant scales are said to be linear with geometric
parameters, providing dynamic numbers (dimensionless
numbers) are equal.'’ Stonestreet and Harvey presented a
scale-up methodology for reaching production plant scale using
OBR technology but did not comment on the possible
limitations of oscillation dampening.'” In this case, there are
two tangible scale-up strategies when investigating OBRs for
continuous bioprocessing, either by increasing the tube diameter
as pointed out by Jian et al. and Abbott et al'®** or by extending
the reactor length with additional baffled columns as proposed
by Stonestreet and Harvey.'” However, these scale-up methods
may be constrained by fluid oscillations. Observations on the
impact of the reactor length on oscillations must be made to
avoid oscillations becoming dampened and void at extended
reactor lengths. Care must also be taken to ensure the system is
operating above the minimum net flow for Re, when scaling with
the tube diameter.

The recommended lab-scale tube diameter is reported
between 15 and 150 mm,” with 150 mm being the
recommended maximum for lab-based continuous studies,*
although one study of polymerization adopted 380 mm.'" Re,
will naturally decrease as the tube widens, as shown eq 4.
Bioprocesses will likely require exceptionally long residence
times; therefore, scaling through the tube diameter for the
volumetric increase would be highly beneficial as lower flow
rates can be attained easily. Additionally, bioprocess culture
media can start at high viscosities due to glucose concen-
trations,*® or high solid loading contents when using starch-
based feedstocks such as bread.” This can lead to the initial Re,
being lower until the cellular matter has consumed the carbon
source and begun to replicate, in turn, slightly increasing the
fluid density. Identification of fluid rheology is therefore crucial
to maintain efficient mixing at the desired flow rate and tube
diameter using i as a guide in bioprocesses. For example, if Re,, =
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50 is required, a plot of the minimum flow rate against the tube
diameter can be made for a bioprocess, for example, microalgae
cultivation. Microalgae broth has a liquid density of 1025 kg m*
and a viscosity similar to water ranging from 0.8 to 2.6 mPa s.””

Figure 12a shows the plots for the minimum flow rate using
the density and viscosity of a microalgae culture at various tube
diameters while maintaining an Re, of 50 for scaling an OBR.
The curve equation shown can then be used to determine the
minimum flow at any tube diameter.

Alternatively, scale-up can be produced by adding lengths of
baffled columns connected by U-bends. However, this has a
limitation on the mixing ability within the reactor at long
lengths. Reduction in oscillatory motion because of pressure loss
is a critical issue with OBRs as this is the key phenomenon
associated with mixing. A numerical study conducted by
Mazubert et al. found that the pressure drop for a single orifice
OBR equates to 0.79 kPa m™".%° Briggs and associates found that
extending the length of an OBR will progressively diminish the
oscillatory motion as more U-bends and lengths of baffled
columns are added. They found that the attained oscillatory
amplitude is halved at the outlet when 11 U-bends and 22
columns are used.'” From previous computational fluid dynamic
(CFD) evaluations (data not shown and unpublished), the U-
bend is suspected to have more of an influence on oscillatory
dampening than that of the baffle constrictions. This is due to
momentum changes and collision of eddies along a nonsym-
metrical pathway around U-bend radii and fluid traveling at
different distances. Without eddy formation on either side of the
baffle, the mixing efficiency will begin to decrease and, in turn,
axial dispersion will increase, losing all plug flow character-
istics.** Egedy et al. reported similar results, with up to 71.4%
oscillation dampening being experienced after the first U-bend
connection.*’ Mackley and Nij, in flow visualization studies,
found that at low flow rates, the dispersion was not impacted by
the U-bends. This finding leads to the requirement of low flow
rates being used when scaling the OBR by increasing the reactor
length with U-bends and additional columns.*

Figure 12b illustrates the effect of extending the length of the
OBR from 1.2 to 5.74 m by adding additional columns after one
U-bend. It finds no negative impact on plug flow characteristics
that occurred at y = 2.27 as the value of # remained consistent
between 64 and 68% at each lower measuring point (LU1, LU2,
and outlet). Comparable results were found for y = 3.41,
although the range # was larger (57—42%). These results are
consistent with other studies, which have evaluated axial
dispersion with OBRs consisting of multiple columns and U-
bends. Ni and Pereira’s study of a 14-column OBR, each at 1000
mm in length and geometry similar to the one in this study,
reported low axial dispersion coeflicients at different locations
along the reactor length when operating at higher amplitudes
(>7 mm).* As discussed earlier in Figure 9, both HU1 and HU2
showed a significant drop in plug flow characteristics, with 7
decreasing to between 35 and 40%. Interestingly, at y = 0.28 (1
mm, 0.3 Hz), a decrease in the TiS number was experienced,
which correlates with the results reported by Briggs et al., where
small x, values will lose oscillatory motion faster due to having
less initial energy input into the fluid to overcome all
constrictions and momentum changes.'” These results confirm
that near-plug-flow conditions can be achieved and maintained
at longer reactor lengths when operating at a higher xo when
scaling OBRs with additional baffled columns.®’

This work confirms that scaling with both tube diameter and
reactor length is possible within OBRs when operating with high

%o and low f. With both scaling strategies discussed, care must
still be taken with the OBR design and operational parameters to
ensure the desired application and mixing requirements are
successfully carried out, as discussed by Avila et al.” The idea of
having an OBR for processes with residence times greater than 1
day and minimizing the limitations on mixing efficiencies can be
done in certain strategies:

1. Operating long residence times as a batch process in a
single column with a desired volume, scaling up by
increasing the tube diameter and maintaining desired
mixing conditions.”"

2. Operating a single long column without connecting U-
bends with the required net flow and diameter for volume
requirements while maintaining the desired mixing
conditions based on the dimensionless numbers.
However, this route may require infeasible lengths of a
column.

3. Operating several smaller systems on a recirculatory batch
operation started at different time intervals to have
continuous output. The number of smaller systems
needed is dependent on the required throughput of the
process.

4. Adopting a multicolumn approach with columns in
parallel, the desired volume can be controlled by
extending the length or adjusting the tube diameter, and
mixing is maintained with dimensionless numbers. This
will mitigate any effect of the U-bends but may impact
eddy propagation from the location of the oscillatory
mechanism. It is reported that this type of setup has
consistent dispersion patterns in each column.*®

Using a multipass system as described Stonestreet and Harvey
with the desired tube diameter and flow rate based on the
reaction kinetics and rheology.'” Operating at the desired
mixing conditions for that geometric design based on the
dimensionless numbers relate to Re,. The design of the U-bend
should be optimized to monitor the impact of ports and valves to
minimize disruption to the fluid flow. Low Re, should be used to
minimize U-bend impact on dispersion as per Mackley et al.*®

4. CONCLUSIONS

This study investigated the effect of oscillatory parameters on an
OBR system adopted for bioprocess applications. A central
orifice baffled column with a diameter of 40 mm, spacing of 1.8
D, and constriction ratio of 20% was used. Opportunities and
limitations of scale-up were explored regarding oscillatory
parameters, U-bends, and reactor sections. The investigation
reported that plug-flow-like conditions were achieved over a
range of oscillatory parameters between velocity ratios of 1.7 and
3.5. A maximum TiS value of 43.68 was reached in the five-
column system compared with a maximum value of 13.38 in the
single column. The maximum TiS value was reached at y=2.27
with a trend of increasing TiS near i = 2. An example of scaling
through the tube diameter was proposed based on previous
studies, residence times, and rheological properties of a
microalgae bioprocess. The net flow must be kept above Re,, >
50 to ensure fluid convection, although other studies have
achieved plug flow at lower values. The OBR reported here
attained a high TiS number with x, > 8 mm and f < 0.8 Hz. This
can allow plug flow to operate at Re,, < 50 with adequate mixing
providing Re, < Re,. This result benefits bioprocesses with long
residence times by allowing reduced flow rates while ensuring
near-plug-flow conditions.
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Connecting U-bends used to scale up the reactor with
additional baffled sections had a significant impact on TiS. The
U-bend geometry including the lack of baffles and areas for fluid
to stagnate, such as probe ports or air vents, dramatically
reduced the TiS number along the reactor length. No impact of
tracer density was found on TiS along the reactor length. Lower
U-bends achieved a higher TiS number than the upper U-bends.
The study reported that TiS values maintain a linear increase
along the reactor length at oscillatory parameters x, = 8 and 12
mm with minimal effect from additional sections and U-bends.
This implies the maintenance of plug flow characteristics (77)
under these conditions. Alternatively, lower starting x, (<6 mm)
found a linear decrease in TiS along the reactor length when
additional U-bends were introduced, implying a decrease in plug
flow conditions (77) at lower amplitudes. In all studied cases of ,
the U-bend had the greatest impact on reducing the TiS at the
first U-bend. The TiS in all cases dropped by 20—30% after the
first U-bend compared to the straight column. This phenom-
enon is thought to be the result of momentum change in the U-
bend and collision of eddies propagating back up the column.

The study determines the feasibility of scale-up routes that
can maintain near-plug-flow conditions and potentially operate
at low flow rates with adequate mixing. Amplitudes >8 mm
retained minimal levels of dispersion when additional baffled
sections were added. The geometric design of the U-bend played
a key role in plug flow characteristics within the reactor. It is
concluded that the reported OBR design has the potential for
long residence times at scale with continuous aeration, such as in
bioprocesses. Further work will be conducted on the U-bend
geometry to minimize flow disruption and identify reactor
length limits.
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OBR  oscillatory baffle flow reactor
CSTRs continuous stirred tank reactors

TiS tanks-in-series

RTD  residence time distribution
Re, oscillatory Reynolds number
Re, Reynolds number

St Strouhal number

W velocity ratio

DOE  design of experiments
LU lower U-bend
HU higher U-bend
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