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Abstract: The mesoscale oscillatory baffled reactor (meso-OBR) is a novel screening platform that
does not require significant optimisation of the operating conditions, making it ubiquitous. Although it
is known that micromixing performance influences the observed reaction kinetics, the micromixing of
meso-OBRs has not previously been characterised. Therefore, in this study we have measured the
micromixing times in three meso-OBR configurations across a broad range of oscillatory (Reo = 50–
1000) and net flow Reynolds numbers (Ren = 5–40) for the first time using the Villermaux-Dushman
competing reaction scheme. Helical baffles exhibited the lowest and most consistent micromixing
times, followed by the central axial baffle design and the integral baffle design. Using the
micromixing times, design equations were developed that showed the ratio of the micromixing time to
mean residence time was dependent only on the velocity ratio (ratio of oscillatory to net flow
Reynolds numbers). In all baffle designs, micromixing times decreased with increasing velocity ratios
(ψ > 25). Therefore, for the central baffle and integral baffle designs, the lowest micromixing times
would not be accessible for flow chemistry applications, because the optimal velocity ratios for plug
flow in these designs are only around 4–10. Whereas, the helical baffle can achieve plug flow across a
much broader range of velocity ratios (up to ψ = 250), because of the additional swirling component
to the flow, enabling the lowest micromixing times of the helical baffle to be exploitable for reaction
engineering applications. The lowest micromixing time produced was 0.03 s, using the helical baffle
with Ren = 10 and Reo = 750.

Keywords: Micromixing, oscillatory baffled reactor, Villermaux-Dushman reaction, helical coil,
swirling
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1 Introduction
For any chemical reaction whose reactants are completely mixed down to the molecular scale (i.e
complete micromixing), the mixing process will not affect the reaction rate: the reaction will instead
be limited by its specific reaction kinetics [1]. This situation is especially desirable for the study of
reaction kinetics, where it is important to observe the intrinsic underlying mechanisms ‘uninterrupted’
by the mixing process. This is generally achievable for “slow reactions”, but “fast reactions” will
often be limited by the mixing rate. These reaction rates are often described as being mixing or mass
transfer limited.

Understanding of micromixing behaviour is therefore essential for the design, development,
optimisation and scale-up (or scale-down) of chemical reactors, especially those at lab-scale [2]. For
example, extensive work has been completed on the micromixing performance of stirred tank reactors
and, more recently, on novel reactors such as spinning disc reactors (SDRs) [3]. Through the
characterisation of micromixing in SDRs, their designs have been modified through the addition of
various types of grooves on the spinning disc to enhance their performance [4].

Micromixing is governed by a hierarchy of different processes occurring across different scales in the
flow. There is a cascade from large-scale macromixing structures (e.g. flow folding and turbulent
structures) (termed “inertial-convective”), through mesoscale/small-scale mixing (“viscousconvective”) down to molecular diffusion (“viscous diffusive”) [2]. The three different aspects that
constitute the mixing process have subsequently been identified [2, 5], and are described points
below. Engulfment and deformation are usually considered to be the most important processes for the
control/manipulation of micromixing performance [2].



Engulfment. Occurs when vortices form and incorporate fluid from their local environment
which causes the volume of fluid involved in the mixing process to grow exponentially over
time [6]
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Deformation. Shear and elongation of the fluid is dissipated as heat by viscosity, which
accelerates molecular diffusion [7]



Molecular Diffusion. The final part of the mixing process whereby molecules can encounter
each other from regions of differing concentrations [7]

Mesoscale oscillatory baffled reactors (meso-OBRs) are a novel and relatively new type of reactor
used for reaction engineering and screening applications [8]. The meso-OBR is a cheap-to-construct,
millimetre-scale tubular reactor with a characteristic internal diameter of 5 mm that can be fitted with
a variety of tube inserts in which the fluid is oscillated. The main baffle configurations described in
the literature and their targeted applications are described below. Note, the wire wool baffles have
been mentioned for completeness, but these were not considered in the present investigation because
they are solely used for liquid-liquid applications, whereas this study focussed on micromixing in
homogeneous flows.



Integral baffle. Advantageous for shear-sensitive applications such as bio-processes [9]



Central axial baffles. Used for homogeneous liquid reactions due to higher shear rates [10]



Helical baffles. Can provide a high degree of plug flow over a large range of oscillations [11]



Wire wool baffles. Used for enhanced inter-phase dispersion between immiscible liquids [12]

The baffles disrupt the boundary layer at the tube wall whilst the oscillatory motion in combination
with the tube inserts leads to periodic vortex formation and break-up. These vortices produce good
radial mixing, meaning these reactors behave as many well mixed tanks-in-series, giving a good
approximation to plug flow. Because the mixing intensity is decoupled from the net flow rate, any
length of reactor can be used to accommodate the desired process [8]. This allows slow reactions to be
converted from batch to continuous operation with greatly reduced length to diameter ratios compared
to conventional plug flow reactors [11], allowing the meso-OBR to maintain plug flow at low flow
rates (order of mL/h).
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Meso-OBRs share many similarities with ‘conventional scale’ OBRs, which are typically defined by
inner tube diameters of D ≥ 25 mm. For instance, the fluid mechanics are governed according to the
three dimensionless groups defined in equations 1, 2 and 3 below. Here, the net flow Reynolds
number, Ren, describes the net flow rate (and mean residence time), the oscillatory Reynolds number,
Reo, describes the oscillation intensity and the Strouhal number, St, characterises the vortex
propagation length. Sometimes, the velocity ratio (equation 4) is also defined.
𝑅𝑒𝑛 =

𝑅𝑒𝑜 =

𝜌𝑣𝐷
𝜇

2𝜋𝑓𝑥𝑜𝜌𝐷

𝑆𝑡 =

𝜓=

𝜇
𝐷
4𝜋𝑥𝑜
𝑅𝑒𝑜
𝑅𝑒𝑛

1

2
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The meso-OBR and ‘conventional scale’ OBR, herein referred to as the OBR, also exhibit similar
mass transfer and plug flow behaviours. Hence, it has been suggested that meso-OBRs might be
scalable to larger diameters (up to 50 mm). However, there are some notable differences in operation:



Meso-OBRs generally require a higher velocity ratio than OBRs to achieve good plug flow
quality; 4 ≤ ψ ≤ 8 and 5 ≤ ψ ≤ 10 for central and integral baffled meso-OBRs, respectively,
compared to 2 ≤ ψ ≤ 4 for OBRs containing orifice baffles [13,14]



It has been suggested that diffusion positively influences the mixing performance of the
meso-OBR due to the shorter pathlengths [8,15]



Plug flow is achieved at much lower flow rates at the mesoscale (i.e. throughputs at millilitres
per hour scale opposed to litres per hour scale – an order of magnitude smaller) [8]

Diffusion is an integral part of the mixing process. Thus, the observed reaction kinetics at the
mesoscale might not be replicable at larger scales because the diffusive length scale is independent of
4

the reactor’s size; larger reactors will require more time for diffusive mixing to occur. Nonetheless,
the meso-OBR as a screening platform conserves the advantages of reduced waste and batch
equivalency (through good plug flow quality), ensuring good product consistency. Their behaviour
and performance have consequently been well-studied since their conception, with the focus of their
performance being mainly the characterisation of mass transfer, multi-phase mixing and plug flow
behaviour [8].

One of the main advantages of the meso-OBR as a screening platform, in comparison to
microchannels, is the mixing strategy does not need to be optimised. For instance, solid catalysts can
be ‘used as purchased’ by suspending them in the liquid flow [8], removing the necessity to
immobilise catalysts into support structures or on the channel walls. This is a common practice in
microreactors to avoid channel blockages, to maximise the surface area whilst minimising
maldistribution, and to minimise the pressure drop [16]. Additionally, microreactors typically use
slug-flow arrangements to improve the mixing/contacting between liquid-liquid and gas-liquid phases,
which requires tuning of the inlet flow rates and possible use of surfactants to ensure the regime is
maintained across the full reactor length [16]. In contrast, the meso-OBR can facilitate improved
multiphase contact by using a simple helical coil and central rod [17].

Several studies have reported the macromixing behaviour of OBRs. For example, Mackley & Ni [18]
commented that in the presence of both oscillations and orifice baffles in a 25 mm diameter tube,
there was essentially no difference in concentration observed in the radial direction after a tracer was
injected into the flow. It was noted: “radial mixing was complete”. More comprehensively, Mackley
& Neves Saraiva [19] attempted to quantify the description of mixing using two numerical approaches
using OBRs as a case study: (1) analysis of the kinematic stretching rates and (2) study of the
evolution of the concentration variance of passive particles added to the flow (with simulated
Brownian motion). They concluded that both approaches are equivalent; the difference is controlled
by the relative importance of stretching or diffusion, which is controlled by the Péclet number. They
also found that diffusion is only important after the fluid streamline stretching process has occurred.
5

However, their approach was reportedly only applicable for Reo < 200. A simple parametric study
later reported the effects of baffle free area, baffle spacing and baffle thickness on the equilibrium
macromixing time in 50 mm and 90 mm diameter OBRs. Here, the macromixing time was defined as
the time for a column to reach uniform concentration following tracer injection [20].

Macromixing is also relatively well understood for meso-OBRs. For example, it is known that mesoOBRs require higher velocity ratios to generate plug flow than [13,14], and for batch-operated mesoOBRs, it has been shown that the macromixing time depends on both oscillation amplitude and
frequency, with the former having a stronger effect [21]. However, no quantification of the
micromixing performance has been attempted for OBRs at any scale. Micromixing is particularly
important when considering multiple reactions that are fast relative to mixing [22]. Additionally,
micromixing influences the selectivity with respect to the desired products [23], as well as
crystallization performance [24], which is important considering process development [8] and
crystallization [25] are the major applications.

Often plug flow is equated to good mixing, but this is not necessarily the case. Thus, the goal of this
work is to focus on the micromixing behaviour of the meso-OBR for the first time. The specific focus
of this paper will be the study of micromixing times in helical, central axial and integral baffled mesoOBRs, because these designs have received the most attention to date in the literature. Experiments
will be carried out over a wide range of oscillatory (30 < Reo < 250) and net flow conditions (5 < Ren
< 40), to ensure that the full range of operability of the meso-OBR relevant for flow chemistry
applications is explored. This is especially important because helical baffled meso-OBRs have been
shown to deliver good plug flow over a broad velocity ratio range: 5 < ψ < 250 [11]. The desired
result of this paper is to gain characteristic design equations that can be used to predict the
micromixing behaviour of all reactor configurations at all tested conditions. Additionally, the results
obtained might provide a baseline dataset for eventual scale-up studies, as well as for development of
more efficient reactor designs.
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2 Materials and Methodology
2.1 Meso-OBR Geometries
Three meso-OBR baffle configurations were considered in the present study: integral, central and
helical (shown in Figure 1), which all maintained geometric similarity with previously published
studies.

Figure 1: Meso-OBR geometries | (a) integral, (b) central and (c) helical

The helical baffle consisted of a 1 mm thick stainless steel wire that was coiled with a pitch of 7.5
mm. The central baffle was also constructed from stainless steel, and consisted of 4 mm diameter and
1 mm thick hexagonal nuts threaded onto a 1.5 mm diameter studding spaced every 7.5 mm. Both the
helical and central baffles could be inserted into a plain glass tube with a 5 mm internal diameter and
370 mm length. The integral baffle meso-OBR was constructed entirely from glass, and was formed
by creating smooth orifices integrated in the tube wall. Similar to the other two designs, these smooth
orifices were spaced evenly every 7.5 mm and had orifice diameters of 2.5 mm. The integral baffle
design also had a 5 mm internal diameter between the constrictions, but was only 350 mm in length.
The resulting reactor volumes for the integral, central and helical baffle designs were 6.8 mL, 7.4 mL
and 8.4 mL respectively.
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2.2 Methods for Assessing Micromixing
Micromixing times in any micro (or meso) reactor can be measured using any of the following three
methods [26]:


Visualisation of a dye



Reactions generating coloured species or a colour change



Competing (parallel) chemical reactions

Methods 1 and 2 have clear disadvantages for the meso-OBR. Mainly, the oscillatory motion would
make it difficult to measure the small colour changes [26]. For example, high frequency oscillations
(e.g. 8 Hz) would necessitate a high sampling rate, but this would reduce the absolute difference in
colour intensities that could be detected, introducing significant noise to the data. Thus, method 3 is
the best approach for investigating micromixing in the meso-OBR.

A number of competing reaction schemes are available, including the Villermaux-Dushman reaction
(iodide-iodate reaction), the acid-catalysed reaction of 2,2-dimethoxpropane with neutralization of
hydrogen chloride with sodium hydroxide [27] and the parallel reaction of 1- and 2-napthol with
diazotized sulphanilic acid [28]. The Villermaux-Dushman reaction scheme has been selected for this
study, owing to its prolonged use by many authors as a standard test for micro-structured systems
[26].

The Villermaux-Dushman reaction scheme consists of two competing reactions. The redox reaction
(R2) is fast, and occurs on the same time scale as mixing, provided the concentrations of the
chemicals are appropriately selected [26]. The neutralization reaction (R1) can be considered
instantaneous in comparison to R2. Thus, by contacting a solution of iodide (I-) and iodate (IO3-) in a
H2BO3-/H3BO3 buffer with an acid solution, knowledge about the mixing state can be obtained. Under
ideal mixing, the acid is only consumed by R1 (because R1 >> R2), meaning there are no residual
protons to produce I2 in R2. However, under poor mixing conditions, the dissipation time of the acid
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is larger than the reaction time of R1; local over-concentrations of the acid occur once H2BO3- has
been locally protonated, allowing for the formation of I2 in the second reaction. The I2 then reacts with
I- to produce I3- (R3) that can be detected via UV-Vis spectrometry. Thus, the measured concentration
of I3- correlates with the micromixing time.
𝐻2𝐵𝑂 3‒ + 𝐻 + ⇌𝐻3𝐵𝑂3

R1

𝐼𝑂 3‒ + 5𝐼 ‒ + 6𝐻 + ⇌3𝐼2 + 3𝐻2𝑂

R2

𝐼2 + 𝐼 ‒ ⇌𝐼 3‒

R3

2.3 Implementation of the Villermaux-Dushman Reaction
In this study, the Villermaux-Dushman reaction was applied using the approach recommended by
Commenge & Falk [26]. First, initial estimates of the micromixing times were required in order to
select the most appropriate concentrations of the starting reactants. This was to ensure the rate of R2
occurred on a similar timescale to the micromixing time. The micromixing times were estimated using
equation 5, which was derived by correlating the mixing times against the energy dissipation rates of
multiple microreactor designs reported in the literature [26]. The power dissipation rates, ε, for the
meso-OBR were calculated using equation 6, where the pressure drop, ΔP, was calculated from first
principles using a mechanical energy balance. Here, the hydrostatic head and frictional losses of the
tube and baffles at the maximum oscillatory velocity were taken into consideration. For example, with
Ren = 10 and Reo = 250, the average pressure drop was determined to be ΔP = 4520 Pa, giving a
power dissipation rate of 0.0189 W/kg and expected micromixing time of 0.89 s.
𝑡𝑚 = 0.15 𝜀 ‒ 0.45
𝜀=

𝑄∆𝑃
𝜌𝑉

5
6

Commenge & Falk [26] proposed a number of ‘standard’ concentration sets to study the micromixing
time, which are summarised in Table 1. The most appropriate concentration set was chosen using
Figure 2 so that the expected optical density measured by the UV-spectrometer was around 0.1 < OD
< 2.5, where a linear relationship between the concentration of tri-iodide ions and OD is observed
9

[26]. For example, it can be seen from Figure 2 that a micromixing time of 0.89 s intersects with
concentration sets 2, 2c, 1, 2b and 1c (see Table 1). The corresponding optical densities produced by
these sets are ~0.2, ~0.7, 3, 3 and 7 respectively. Because a 10 mm pathlength was used for the
samples in this study, and Figure 2 was derived for a 5 mm path length, these optical densities were
corrected by multiplying by 2 to give, 0.4, 1.4, 6, 6 and 14 respectively to compensate for the extra
absorbance. Thus, it can be seen that concentration sets 2 and 2c give expected optical densities in the
desired range of 0.1–2.5. Concentration set 2c was initially trialled, but it was found that the final
concentrations of I3- saturated the spectrometer, making it impossible to distinguish between different
micromixing times. Dilution was not attempted because it would skew the iodine concentration due to
equilibrium effects [26]. Thus, concentration set 2 was subsequently used for all experiments, with the
exception of the experiments where no oscillatory flow was applied. Here, concentration set 2 also
saturated the spectrometer due to the poorer mixing performance. Hence, at these conditions the
concentration of [H+] was halved to 0.075 M (in accordance with the patterns of concentration sets 2,
2b and 2c) to reduce the quantity of ions that were available for the redox reaction (R2).

Table 1. Example concentration sets for Villermaux-Dushman reaction scheme [26]
Concentration (mol/L)
[H+]
[KI]
[KIO3]
[NaOH]
[H3BO3]

1
0.03
0.032
0.006
0.09
0.09

1b
0.06
0.032
0.006
0.09
0.09

1c
0.04
0.032
0.006
0.09
0.09
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2
0.015
0.016
0.003
0.045
0.045

2b
0.03
0.016
0.003
0.045
0.045

2c
0.02
0.016
0.003
0.045
0.045

Figure 2. Optical density vs mixing time using different concentration sets from Table 1 (assuming a 5
mm pathlength) [26]

Sulphuric acid concentrate (0.1 M), sodium hydroxide concentrate (0.1 M), solid boric acid (≥
99.5%), solid potassium iodide (≥ 99%) and solid potassium iodate (≥ 99%) were used as supplied
from Sigma Aldrich, and were prepared at the desired concentrations in two separate solutions.
Solution 1 comprised just sulphuric acid, whilst solution 2 contained the boric acid/sodium hydroxide
buffer solution and the potassium iodide and iodate. Both solutions were prepared in 100 mL batches
just prior to each experiment to minimise the potential for degradation of solution 2 (the iodide-iodate
solution can be altered by light, heat and dissolved oxygen levels [26]). To create the sulphuric acid
solution with 0.015 M concentration (concentration set 2 in Table 1), 15 mL of the 0.1 M H2SO4
solution was diluted with 85 mL of deionised water. Similarly, to prepare solution 2 (concentration set
2 in Table 1), 45 mL of the 0.1 M NaOH solution was first diluted with 55 mL of deionised water.
Then, 279.64 mg of H3BO3 powder (accounting for the purity) was added and mixed until the solid
was completely dissolved to create the buffer solution. Finally, 268.28 mg of KI and 64.85 mg of
KIO3 (both accounting for the purities) were added and mixed until both components were completely
dissolved.
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Reagent net flow rates and fluid oscillation were generated using three syringe pumps (C3000 series,
TriContinent), which were connected to the base of the meso-OBRs via a custom Swagelok union and
1/16 in (reagents) and 1/8 in (oscillation) PTFE tubing. Pump 1 provided the oscillatory flow using a
12.5 mL syringe from a reservoir of deionized water. The oscillation amplitude was controlled using
the volume of dispensed liquid, whilst the frequency was controlled by adjusting the speed and
acceleration settings of the lead screw. In this study, oscillation frequencies from 1–10 Hz and
oscillation amplitudes of 1–8 mm were considered; these covered the largest range possible within the
capability of the syringe pumps and were deemed the most practical conditions for reaction
engineering applications. Pumps 2 and 3 provided the net flows of solutions 1 and 2 respectively
using 5 mL syringes. The 5 mL syringes provided a good compromise between minimizing cavitation
during the refill and minimizing the number of refills of the syringe required per experiment. Both
solutions 1 and 2 were run at the same net flow rate to ensure the correct stoichiometry, and covered
the total net flow range of 5 < Ren < 40 (when considering the combined identical net flow provided
by both syringe pumps 2 and 3). Table 2 summarises the corresponding mean residence times used for
each baffle configuration. These were calculated based on the volumetric flow rates generated by the
syringe pumps and measured volumes for each baffle configuration.

Table 2. Mean residence times of each baffle configuration
Baffle
Configuration

Reactor
Volume (mL)

Helical

8.4

Central Axial

7.4

Integral

6.8

Net Reynolds
Number, Ren
5
10
20
30
40
5
10
20
30
40
5
10
20
30
40
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Mean
Residence
Time (s)
477.6
238.8
119.4
79.6
59.7
420.7
210.4
105.2
70.1
52.6
386.6
193.3
96.7
64.4
48.3

The tubing within the custom Swagelok was arranged so that the two reagent solutions contacted after
3 equivalent baffle cavities, to ensure the results would not be influenced by the poor mixing around
the inlet fitting. An image of the experiment setup (including a schematic of the tubing arrangement at
the reactor inlet) is shown in Figure 3. It is unlikely in this set up that solution 2 was adversely diluted
by the deionised water reservoir used for supplying oscillatory motion. The interior of this tube fitting
was smooth, and it has been shown that oscillatory motion in the absence of obstructions leads to a
poor macromixing state [29]. Thus, dilution would have primarily occurred via diffusion
longitudinally into the oscillation tubing, which would have been much slower than the dispense rate
of solution 2 into the reactors.
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Figure 3. Experiment setup of the meso-OBR and syringe pumps

In a typical experiment, the solutions were first prepared and the meso-OBR was setup with the tubing
and syringe pumps in the arrangement shown in Figure 3. Then, the reagent net flow rates and fluid
oscillation were started to initiate the reaction. Reactions were run for at least twice the mean
residence time of the particular experiment before samples were collected, in order to allow the
reaction to reach completion/equilibrium according to reactions R1–R3. The presence of the I3product was apparent in all experiments, where the reaction mixture would be colourless near the
reactor inlet and red towards the reactor outlet. Reaction samples were collected from the top of the
reactor where the influence of the baffles was negligible to minimise disturbances to the mixing
14

process within the meso-OBR. Here, 1 mL of reaction media was collected using a pipette and placed
in a 1 cm pathlength cuvette for subsequent analysis using a Jenway 7315 model UV-visible
spectrophotometer at a wavelength of 353 nm. It was confirmed by taking multiple measurements of
the collected samples that the reactions were complete before the sampling point. The blank used for
all experiments was a sample of solution 2. Each blank was taken from the same solution used for
each respective batch of experiments to ensure that the most accurate micromixing times could be
obtained. Each condition was replicated in order to determine the experimental error. Section 2.4
describes how the micromixing times were calculated based on the measured optical densities from
the spectrometer. All experiments were performed in a ventilated room at ambient temperatures
ranging from 8–22 °C.

2.4 Determination of the Micromixing Time
The micromixing time is related to the optical density per mm path length according to equation 7
[26]. This model was derived through a curve fitting procedure by Commenge & Falk [26] by
collapsing the data in Figure 2 along a single master curve. The resulting complex exponents were
attributed to the rate expression for reaction R2 (equation 8) and the non-linear relationship between
the rate constant, k, and the ionic strength of the solution (itself a power law function of the
concentrations). Falk & Commenge [30] provide the complete set of differential equations that
include the reaction kinetics and a mixing model to derive a similar master curve for alternative
concentration sets. The optical density per mm pathlength, OD, in equation 7 was obtained from the
absorbance of the tri-iodide ions formed in reaction R3, and was measured in the UV-Vis
spectrometer at a wavelength of 353 nm in a 10 mm pathlength cuvette.
𝑡𝑚 = 0.33(𝑂𝐷)[𝐻 + ]

‒ 4.55

[𝐾𝐼] ‒ 1.5[𝐾𝐼𝑂3]5.8[𝑁𝑎𝑂𝐻] ‒ 2[𝐻3𝐵𝑂3] ‒ 2
2

𝑟(𝑚𝑜𝑙 𝐿 ‒ 1 𝑠 ‒ 1) = 𝑘[𝐻 + ] [𝐾𝐼]2[𝐾𝐼𝑂3]

7
8

The segregation index (Xs) is also commonly used to quantify the mixing performance, which
measures how close the mixing state is to complete segregation. Here Xs = 0 corresponds to perfect
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micromixing, whilst Xs = 1 indicates complete segregation. However, Commenge & Falk [26] note
that Xs is dependent on the concentrations of the reacting species used in the experiments, whereas the
micromixing times are independent of the concentrations. Consequently, the micromixing times were
used in this study to quantify the mixing performance. The micromixing time still quantitatively
indicates the mixing performance whilst providing a set of benchmark data that can later be used to
directly compare this reactor to other flow chemistry platforms.

3 Results & Discussion
3.1 Micromixing Times with No Oscillations
Initial experiments were performed without fluid oscillation in order to create a set of baseline data,
and to isolate the effects of fluid oscillation on the micromixing performance of each baffle design.
Additionally, these baseline experiments could be used to assess whether tm behaved similarly to other
characteristics of the meso-OBR, such as Residence Time Distribution (RTD), when no oscillatory
flow was applied.

For each baffle configuration five net flow rates in the range of Ren = 5–40 were studied, identical to
the experiments using oscillatory flow. To compensate for the poorer mixing performance without the
use of fluid oscillation, an additional 20% was added to the time that the reactions were left to reach
equilibrium. I.e. the times that the reactions were left prior to sampling were taken as the mean
residence times in Table 2 multiplied by 2.2 instead of 2. This was done because it has been found in
previous studies that in the absence of oscillatory flow, the RTD of the helical baffled design was not
Gaussian, and consisted of multiple peaks with a long tail [11].
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Figure 4. (a) Effect of Ren on micromixing time with Reo = 0, and (b) effect of Ren on the ratio of
micromixing time to mean residence time with Reo = 0

Figure 4a shows the resulting micromixing times obtained at each flow rate for each of the three
baffle designs. Expectedly, the micromixing times were much higher than the values obtained with
oscillatory flow, by 2–3 orders of magnitude. This supports previous studies that showed that
oscillatory flow greatly improves the performance of the reactor in terms of plug flow behaviour
[11,14]. The removal of oscillatory flow means that the only aspect of micromixing preserved was
molecular diffusion [6]. Without enhancement of the other two factors (engulfment and deformation),
the micromixing performance was greatly diminished. Additionally, the macromixing was probably
also reduced by the absence of vortex formation. Hence, the baffles alone were insufficient for
generating good mixing at the flow rates considered; the flow in each baffle cavity remained
segregated, leading to higher micromixing times.

The helical baffle design generally produced the lowest micromixing times, with minimal effect of
Ren. For the central and integral designs, the micromixing times decreased with increasing Ren. The
integral baffle produced the highest micromixing time of all three baffles at Ren = 5–10, but for Ren >
10, the central axial baffle and integral baffle produced similar micromixing times. The ratio of
17

micromixing time to mean residence time (shown in Figure 4b) generally increased for all baffle
designs as Ren increased. This was probably because any enhanced radial mixing generated by the
increased flow rate was not sufficient to compensate for the reduced time of the reaction mixture
inside the reactor.

3.2 Effect of Oscillation Intensity and Net Flow on Micromixing Times
3.2.1 Helical Baffles
The effect of Reo on the micromixing times produced using the helical baffle design at oscillation
amplitudes of 1, 2, 4 and 8 mm is summarised in Figure 5a, 5b, 5c and 5d respectively. Here,
increasing Reo in each subplot corresponds to increasing the oscillation frequency starting at 2 Hz. In
comparison to the other designs (Figures 7 and 9), the helical baffle configuration produced the lowest
micromixing times across all conditions studied, which could be a consequence of the additional
swirling motion. Swirling creates more compact streamlines [31] by adding additional tortuosity in
the tangential direction, increasing the influence of engulfment on the micromixing performance.
Generally, the micromixing time approached an asymptote as the oscillation frequency was increased,
with the micromixing times levelling off around f = 4–5 Hz (third and fourth data points along each
trend). In the case of Ren = 5 and xo = 1–2 mm (Figures 5a and b), the levelling off also coincided
with the transition from vortex-dominated to swirl-dominated flows reported in the literature: Ren =
7.2, Reo > 100 and xo > 2 mm [11]. This further implies that swirling has a strong influence on the
micromixing performance.
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Figure 5. Effect of Reo on the micromixing times in the helical baffle design | (a) xo = 1 mm, (b) xo = 2
mm, (c) xo = 4 mm, and (d) xo = 8 mm

For frequencies of f ≥ 3 Hz, the micromixing times also asymptotically decreased as the oscillation
amplitude was increased, levelling off around xo = 4 mm (note that separate figures for these trends
have not been included). Larger oscillation amplitudes increase the size of the vortices as well as their
propagation lengths [14,31], which exposes a greater volumetric proportion of the flow to the
increased radial mixing rate, which increases the global mixing rate through engulfment. Similarly,
increasing the oscillation frequency has been observed to increase the physical size of the vortices
[31], which increases mixing through engulfment. Additionally, increasing the frequency increases
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the rate at which vortices are formed and unravelled/dissipated, which will also promote mixing
through enhanced deformation.

At all net flow rates and amplitudes, it was observed that an increase in Reo resulted in a decrease in
micromixing time. However, the micromixing time generally increased with increasing Ren. This is
not likely to be an effect of the residence time nor the reactions being incomplete before the sampling
point because the observed micromixing times were much smaller than the mean residence times (see
Table 2) and the measured absorbances of the collected samples were stable over time, showing no
continuation of the reaction after sampling. Instead, as elucidated in Section 3.3, the increased
micromixing time is likely to be because a higher net flow velocity reduces the magnitude of the
oscillatory velocity component during the reverse part of the oscillation cycle, which then reduces the
intensity of the vortices/swirling motion. Additionally, it has been suggested that back-mixing is
reduced when Ren is increased [11,13], which could potentially increase the aggregation of H+ ions
because of reduced engulfment.

Figure 6 presents the micromixing times plotted against the velocity ratio at all oscillation conditions
studied. It can be seen that at each Ren, the micromixing time initially rapidly decreased with
increasing ψ before plateauing. Each curve decreased steadily and smoothly, illustrating the
repeatable and predictable behaviour of micromixing in the helical baffle design, following the
observations of plug flow behaviour previously observed between 5 < ψ < 250 [11]. This work, again,
illustrates the significant increase in the breadth of the operating window when using the helical
baffle.

20

2.5
Ren = 5

tm (s)

2

Ren = 10
Ren = 20

1.5

Ren = 30
Ren = 40

1
0.5
0

0

20

40

60

80


100

120

140

160

Figure 6. Micromixing times vs velocity ratio at different Ren | helical baffle

3.2.2 Central Axial Baffles
The central axial baffle design produced higher micromixing times than the helical baffle; the central
axial results are shown in Figure 7. The same trend as the helical design was evident when changing
Reo: micromixing time broadly decreased monotonically. This is no doubt due to more intense radial
mixing due to increased vortex generation. The helical baffle design outperformed the central design
due to the additional tangential (swirling) motion enhancement, as explained above.
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Figure 7. Effect of Reo on the micromixing times in the central axial baffle design | (a) xo = 1 mm, (b)
xo = 2 mm, (c) xo = 4 mm, and (d) xo = 8 mm

The dependence on Ren was more complex, however. Clearly, at the lowest amplitudes (1 mm and 2
mm; Figure 7a and b respectively), the micromixing time goes through a maximum as Ren is
increased. This is exemplified by the conditions corresponding to xo = 1 mm, f = 2 Hz and Ren = 10
(Figure 7a), where the error was around 50% of the magnitude of the average micromixing time. This
could be because this baffle geometry hindered vortex formation at these conditions because the
thickness of the central axial baffle (1 mm) was of the same order as the oscillation amplitude [20].
With insufficient/uncontrolled vortex formation, the H+ ions could not dissipate at these conditions
fast enough compared to the speed of the neutralisation reaction in R1; hence, a greater concentration
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of I3- ions were formed resulting in increased error. At higher oscillatory amplitudes and frequencies,
where increased back-mixing is observed [14,32], the segregation state of the fluid was decreased,
restoring the “correct” order of Ren as observed in the helical baffle results. This same behaviour was
probably not observed in the helical baffle design because the loss of any vortex consistency at low
amplitudes was compensated for by the swirling motion. Therefore, for the central axial design it is
recommended to reduce the baffle thickness so that it is negligible compared to the oscillation
amplitude [20].

At the higher oscillation amplitudes (xo ≥ 2 mm), where the baffle thickness did not influence vortex
formation as greatly, increasing Ren did lead to higher micromixing times. However, when
considering an increase in Ren, unlike for the helical baffle design, previous studies suggest that this
was expected given that the number of tanks-in-series (N) has been shown to decrease with both
increasing Reo and ψ [11,14]. Thus, for the central axial design, tm and N follow the same trends as
Ren is increased, whereas in the helical baffle design the trends of tm and N are opposite to each other
as Ren is increased.

It has been suggested that beyond a particular value of Reo, radial motion within the meso-OBR
should become constrained by the tube wall, whilst axial mixing would continue to increase [13].
Deviations from plug flow have indeed been observed because of this phenomenon at higher
oscillation amplitudes (St ≤ 0.2) where vortices are more likely to propagate into adjacent baffle
cavities [33]. However, increases in the micromixing time were not observed with increased mixing
intensity in this study. Instead, higher oscillation amplitudes (and frequencies) likely increased backmixing. Although this has been shown to have a negative impact on plug flow behaviour [31], it
appears to positively affect the micromixing performance, albeit whilst the reactor’s behaviour
approaches that of a single well-mixed stirred tank. Thus, unlike the helical baffle where high
oscillation intensities can be used to achieve good plug flow and good micromixing, for the central
axial design, the loss of plug flow behaviour imposes an upper operational limit. This means the
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smallest micromixing times of the central axial baffle design are not ‘accessible’ for flow
chemistry/reaction screening applications, where a reduction in batch equivalency would be observed.

The micromixing times are plotted against the velocity ratio in Figure 8. Like the helical baffle, the
micromixing times become smaller as the velocity ratio is increased, though the micromixing times
plateaued at lower ψ. Here, dashed lines have been added that indicate the optimal velocity ratios for
plug flow [14], demonstrating how the lowest micromixing times are inaccessible for plug flow
operation. This is further discussed in Section 3.3.
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Figure 8. Micromixing times vs velocity ratio at different Ren | central axial baffle | dashed lines
indicate the optimal velocity ratio range for plug flow [14]

3.2.3 Integral Baffles
The integral baffle design produced the largest micromixing times of all three configurations at all
oscillation amplitudes in this study. This was expected, given that when comparing all three baffle
designs in previous studies, the integral baffle has been shown to exhibit the poorest plug flow
behaviour when considering Residence Time Distribution at numerous flow conditions [14,15].
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Figure 9. Effect of Reo on the micromixing times in the integral baffle design | (a) xo = 1 mm, (b) xo =
2 mm, (c) xo = 4 mm, and (d) xo = 8 mm

Figure 9 presents the micromixing times obtained at amplitudes of 1, 2, 4 and 8 mm. Like the central
axial baffle, previous studies have indicated that the RTD profiles of the integral design only maintain
a Gaussian form up to amplitudes of xo = 1 mm [14]. This has previously been explained by increased
axial dispersion at higher oscillation amplitudes [32]. Thus, increased back-mixing improves the
micromixing behaviour of the integral baffles, as well as the central axial baffles, by mixing together
regions of high and low concentrations of H+ ions; this reduces the segregation state of the fluid.
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Similar to the central axial design, the integral design also showed inconsistent trends when increasing
Ren at the smallest oscillation amplitude (Figure 9a). Again, this can be explained by the thickness of
these baffles, which probably prevented effective vortex formation [20]. Previous studies that
investigated plug flow behaviour indeed showed that the oscillation conditions, albeit at lower
flowrates than those used in this study (<1 mL/min), had little influence on the fluid mixing due to the
increased thickness of the integral baffles compared to the helical baffle in particular [15]. This might
also explain the micromixing times plateauing when increasing Reo at all Ren when using amplitudes
of 1 mm and 2 mm. Nevertheless, increasing both the amplitude and frequency restores the “correct”
behaviour of Ren as observed in the helical baffle results by decreasing the segregation state through
increased engulfment.

At higher oscillation amplitudes (xo > 2 mm), the trends were very similar to the central axial baffle
results. Here, the amplitudes were of sufficient magnitude for the resulting vortices to be unaffected
by the baffle geometry. Much like the central axial baffle, this was expected, with previous studies
showing that the number of tanks-in-series (N) decreases with both increasing Reo and ψ [11,14].
However, this again means that the smallest micromixing times of the integral baffle design are not
‘accessible’ for flow chemistry/reaction screening applications. The optimal velocity ratio for plug
flow for this baffle design is 5–10 [14]. Figure 10 summarises the micromixing times plotted against
the velocity ratio, where the same trends as described for the other two baffle designs are repeated.
Again, the optimal velocity ratio range for “good” plug flow reported in the literature have been
indicated by dashed lines [14].
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Figure 10. Micromixing times vs velocity ratio at different Ren | integral baffle | dashed lines indicate
the optimal velocity ratio range for plug flow [14]

3.3 Formulation of Design Equations
In Figures 5, 7 and 9, larger micromixing times were observed for larger Ren, while in Figures 6, 8
and 10, it was found that larger velocity ratios produced smaller micromixing times. Therefore, to
create design equations for each baffle design, the micromixing times were first non-dimensionalised
to match the velocity ratio, by dividing tm by the mean residence time, τ. This new mixing time ratio,
tm/τ, defines the relative rates of micromixing to the bulk motion of fluid through the reactor. Small
values of this ratio show that micromixing is complete on a much smaller timescale than the residence
time, while larger values imply that micromixing is occurring on a comparable timescale to the bulk
motion through the reactor. By abstracting this concept further, this ratio could also be thought of as
being analogous to the relative rates of viscous mixing to the convective transport rate (similar to the
Reynolds number). Therefore, from a design and practical point of view, this ratio should always be
less than one, and preferably as small as possible, given that micromixing will not be completed
within the particular residence time otherwise.

Using the mean residence times for each Ren and for each baffle design from Table 2, the mixing time
ratio was calculated and subsequently plotted against the velocity ratio as shown in Figure 11.
27

Interestingly, the data from all oscillation conditions studied collapsed onto a single design curve,
revealing a power-law relationship. I.e. there are diminishing returns on the micromixing time as the
velocity ratio is increased, meaning it would be impractical to obtain lower mixing times (than those
observed here) with these particular baffle geometries. At some point the higher oscillation intensities
would produce cavitation, requiring pressurisation of the reactors, which would then reduce the
process advantage offered by the meso-OBR. Each of these figures also includes dashed and dotdashed lines that respectively indicate the velocity ratio ranges in which at least minimal acceptable
plug flow quality (N = 10) and “good” plug flow quality (N > 20) are observed [11,14]. For the
helical baffle it can be seen that the full range of micromixing times reported in this study are
accessible. Whilst for the central axial and integral designs, the lowest micromixing times would not
be obtainable without an accompanying loss of plug behaviour.

Simple power-law trend lines were fitted to each set of data, producing the simple design equations
shown in equations 9–11 (these are also plotted in Figure 11). The R2 values for the helical, central
axial and integral design equations were 89.7%, 91.0% and 89.3% respectively.

Helical 𝑡𝑚 𝜏 = 0.074 𝜓 ‒ 1.154

9

Central Axial 𝑡𝑚 𝜏 = 0.114 𝜓 ‒ 1.254

10

Integral 𝑡𝑚 𝜏 = 0.124 𝜓 ‒ 1.290

11
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Figure 11. Ratio of micromixing time/mean residence time vs velocity ratio and comparison of
equations 8–10 with experimental data | (a & b) helical baffle, (c & d) central axial baffle, and (e & f)
integral baffle | in column 1, the dashed lines represent the velocity ratio range where at least 10
equivalent tanks-in-series are reported, whilst the dot-dashed lines represent the optimal velocity
ratio range for plug flow | in column 2, the dashed lines represent ±30% error
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The design equations contained two adjustable parameters: a pre-exponential factor and an exponent.
The helical baffle produced the smallest pre-exponential factor, followed by the central axial baffle
then integral baffle. Thus, the pre-exponential factors correlate with the micromixing performance.
For the exponent, the integral and central baffle designs produced ‘more negative’ values, which
represents a faster decrease in micromixing time for an increase in mixing intensity. This is consistent
with the initially poor vortex formation in the central axial and integral designs at xo = 1 mm (Figures
7a and 9a), whereas the helical baffle produced a smoother transition in micromixing times because of
the additional swirling (producing a ‘less negative’ exponent).

Equation 12 shows the general form of the micromixing design equation, whilst equation 13 is the
result of including all the variables and simplifying equation 12 to reveal the important variables that
influence the micromixing time. Here, λ’ is the reactor length-dependent coefficient of micromixing
performance (λ’= λL), λ is the coefficient of micromixing performance (function of the baffle
geometry), L is the reactor length, γ is the exponent (function of the baffle geometry), f is the
oscillation frequency, xo is the oscillation amplitude and v is the net flow velocity.
𝑡𝑚 𝜏 = λ𝜓 ‒ 𝛾

𝑡𝑚 = λ𝜏𝜓

‒𝛾

( )( )

𝐿 𝑅𝑒0
=λ
𝑣 𝑅𝑒𝑛

‒𝛾

12

𝐿 2𝜋𝑓𝑥0
=λ
𝑣
𝑣

( )(

)

‒𝛾

=

λ'𝑣𝛾 ‒ 1

(2𝜋𝑓𝑥0)𝛾

13

From equation 13, it can be inferred for all baffle configurations subject to an oscillatory flow that:



An increase of λ’ increases tm – the geometric parameters “λ” and “γ” were derived for each
baffle design in the present study using only one reactor length. It can be assumed that the
reactor length should have a negligible effect on tm, because previous studies have shown that
the formation of vortices is independent of the number of baffles used [8]. Thus, the mixing
ratio tm/τ should be smaller for longer reactors. Concatenating the reactor length with the
coefficient of micromixing performance (λ’ = λL) reconciles the otherwise erroneous
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prediction that tm increases with increasing L. Here, λ’ is separately defined for all baffle
type/length combinations. The coefficient λ’ can be decreased by selecting baffles that
promote swirling or baffles that minimise distortion of the vortices


An increase of γ increases tm (when 2πfxo > v) – γ describes the rate in which the micromixing
time decreases as the velocity ratio is increased; γ can be decreased by using thinner baffles or
by using baffles that promote swirling



An increase of f decreases tm – larger oscillation frequencies produce larger vortices [31] and
accelerated formation/dissipation of the vortices, which enhances mixing via engulfment and
deformation respectively



An increase of xo decreases tm – larger oscillation amplitudes promote larger vortices [31] and
longer vortex propagation lengths [14], ensuring more of the reaction medium experiences
increased mixing via engulfment



An increase of v increases tm (only if γ–1 > 0) – increasing the velocity reduces the influence
of the oscillation intensity on the reverse stroke of the oscillation cycle. The net effect is a
reduction of the average radial and tangential mixing rates during the whole oscillation cycle,
reducing mixing via engulfment

Based on the micromixing times and plug flow operating windows, the helical baffle will be the
optimal choice for most flow chemistry applications out of the three designs considered. In terms of
real world behaviour, the helical baffle design has the largest open flow area in comparison to the
other baffle designs, highlighted pictorially in Figure 12. The integral baffle design has successfully
been used to suspend solid heterogeneous catalyst particles in the flow [34], implying that the helical
baffle design will not be susceptible to fouling or blocking effects, though its ability to uniformly
suspend catalyst particles has not been confirmed. Helical baffle designs have however been
successfully used with a number of single and multiphase processes in the literature [12,35,36].
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Figure 12. Representation of open flow areas (white) around the baffle constrictions (grey) in the
cross-sectional planes of each reactor design | (a) helical baffle, (b) central axial baffle, & (c)
integral baffle

4 Conclusions
In this study, the micromixing times of three different meso-OBR baffle designs were measured over
a wide range of net flow and oscillatory conditions: Ren = 5–40 and Reo = 50–1000. The helical baffle
design generally produced the smallest and most consistent micromixing times (tm = 0.03–2.09 s),
which is probably due to the additional swirling motion of the flow. The central axial design then
produced the second smallest set of micromixing times (tm = 0.06–3.22 s) followed by the integral
design (tm = 0.07–3.17 s).

For the helical baffle design, higher net flow rates (larger Ren) and more intense oscillations (larger
Reo) reduced the micromixing times at all oscillation amplitudes studied. The same observations were
made for the central axial and integral baffle designs for amplitudes of xo ≥ 2 mm. However, for the
smallest amplitude, xo = 1 mm, the effect of Ren was less clear perhaps because the central axial and
integral baffles were 1 mm thick, the same as the amplitude used, which hinders the formation of
vortices. Thus, for future studies it is recommended to reduce the thickness of the baffles as low as
practicable to avoid unwanted vortex distortion/hindrance at low oscillation amplitudes.

By plotting the ratio of the micromixing time to mean residence time against the velocity ratio, it was
found that all data collapsed onto a single curve, revealing a power-law relationship for each design.
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Hence, design equations of the form 𝑡𝑚 𝜏 = 𝜆𝜓 ‒ 𝛾 were fitted to each set of data. Clearly, increasing
the velocity ratio, ψ, reduces the mixing time. Based on these design equations, it can be concluded
that the lowest micromixing times produced by the central axial and integral designs would not be
useful for flow chemistry applications, as they were achieved at ψ > 25, outside the range for
“acceptable” plug flow (ψ = 4–10). In contrast, the helical baffle design produces good plug flow
across a much broader range of velocity ratios, at least up to ψ = 250. Thus, for the helical baffle
design, the smallest micromixing times observed could be exploitable for flow chemistry. Therefore
this design is recommended for flow chemistry/process development applications.

Nomenclature
D

Reactor (inner) diameter (m)

f

Oscillation frequency

k

Rate constant (mol-4.L-4.s-1)

KB

Equilibrium constant (L.mol-1)

L

Reactor length (m)

Lp

Pathlength for UV-Vis spectrometry (cm)

OD

Optical density per mm pathlength measured via UV-Vis spectrometry

Q

Volumetric flow rate (m3.s-1)

S

Open flow area

tm

Micromixing time (s)

T

Temperature (K)

v

Superficial fluid velocity (m.s-1)

V

Reactor volume (m3)

xo

Oscillation amplitude (m)

Greek Letters
γ

Exponent in the design equation
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ΔP

Pressure drop (Pa)

ε

Power dissipation rate (W.kg-1)

ε353

Extinction coefficient at 353 nm (L.mol-1.cm-1)

λ

Coefficient of micromixing performance

λ’

Reactor-length dependent coefficient of micromixing performance (m)

μ

Viscosity (Pa.s)

ρ

Density (kg.m-3)

τ

Mean residence time (s)

Dimensionless Groups
Ren

Net flow Reynolds number ( = 𝜌𝑣𝐷/𝜇)

Reo

Oscillatory Reynolds number ( = 2𝜋𝑓𝑥𝑜𝜌𝐷/𝜇)

St

Strouhal number ( = 𝐷/4𝜋𝑥𝑜)

ψ

Velocity Ratio ( = 𝑅𝑒𝑜/𝑅𝑒𝑛)
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