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Abstract: Additive manufacturing enables the fabrication of geometries previously unavailable via
conventional means. Here we exploit 3D printing to construct a new and complex millimetre-scale
tubular reactor by combining simpler ‘building blocks’: here, a helically coiled channel containing a
secondary helical coil insert. Further, we also explore the combination of this complex reactor geometry
with a non-steady flow, an area that is currently underdeveloped in the literature. Under oscillatory fluid
motion, the ‘coil-in-coil’ geometry exhibits exceptional plug flow quality at low Reynolds numbers (Re
= 10–50); characterised by up to 197 equivalent tanks-in-series. Oscillatory motion was studied in the
amplitude and frequency ranges of 1–8 mm and 0.25–8 Hz respectively. Good plug flow was observed
at oscillation amplitudes of 2–8 mm in the coil-in-coil geometry. The best plug flow performance
occurred with Reo/Ren = 2–7 and Sr = 1–2. Surprisingly, the coil-in-coil geometry also demonstrated
very good plug flow behaviour (N = 40–100) at very low oscillation frequencies (f = 0.25–0.5 Hz). The
resulting low shear mixing might be beneficial for shear-sensitive applications, such as those found in
biological processing. Three benchmark tube designs were also evaluated to isolate the effect of the
combined coil geometry: plain coiled tube, straight tube containing a helical coil insert and plain straight
tube. Overall, the coil-in-coil geometry produced enhanced plug flow quality compared to the
benchmark designs at low frequencies (≤ 1 Hz) at all amplitudes, and low amplitudes (1–2 mm) at all
frequencies. It was not the favourable geometry however for combinations of high amplitude and high
frequency.
Keywords: Plug flow; helical coil; additive manufacturing; swirling flow; Residence Time
Distribution
Graphical Abstract:

Highlights:
 Complex reactor geometries can be created by combining simple geometric ‘building blocks’
 A ‘coil-in-coil’ geometry was successfully fabricated using additive manufacturing
 The combination of oscillatory flow and complex reactor geometries is an undeveloped area
 Up to 197 equivalent tanks-in-series plug flow was demonstrated in the coil-in-coil geometry
 Remarkably high plug flow (N = 40–100) was produced at very low frequencies (0.25–0.5 Hz)
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1 Introduction
A wide range of advantages have now been demonstrated by converting the production of chemicals
and various other products from batch to continuous flow processing. These advantages include: larger
surface area to volume ratios leading to improved heat and mass transfer rates; smaller reagent volumes
(less waste); elimination of handling of toxic and/or hazardous intermediates through reaction
telescoping; operation at elevated conditions (e.g. above boiling points) through elevated pressure
operation; efficient mixing; and precise control of reaction parameters (including photochemical
illumination exposure, residence time control and thermal control) (Akwi and Watts, 2018).
However, many recent examples of flow chemistry rely on microreactor technologies (Akwi and Watts,
2018), which raises several concerns from a scale-up perspective. These small geometries provide a
limit on the productivity, which is not straight-forwardly solved through the often proposed ‘numberingup’ approach. This is because flow distribution between channels remains a non-trivial problem.
Kuijpers et al. (2017), for example, showed that solids fouling in any of the parallel channels would
affect the flow velocities in the other channels, ultimately affecting the conversion because of the
uncontrolled residence time. Many chemical processes involve some form of solids handling. For
instance, Lonza claim that 63% of the chemical reaction processes identified as being ‘continuouscompatible’ involved some form of solids formation (Roberge et al., 2005), hence, the issue of blockage
of microreactor channels by solids remains an active and significant research challenge. Additionally,
numbering up presents issues for process control and monitoring, because parallel channels require a
corresponding multiplication of the number of sensors, which might not be practical.
Mesoscale reactors have been proposed as an alternative solution to ‘bridge the gap’ between
microreactors and ‘macro-reactors’ (Okafor et al., 2017a). The larger channel dimensions enable higher
throughputs with less numbering-up and are better able to handle solids. For example, Eze et al. (2013)
demonstrated heterogeneous catalysis in a mesoreactor by suspending a catalyst powder in a 5 mm
tubular oscillatory baffled reactor. This catalyst could be used ‘off-the-shelf’ i.e. without requiring
immobilisation to the wall, as is often required in microchannels, or even immobilisation on packing
materials or beads as would be required in a macroscale packed bed. However, it should be noted that
mixing in mesoreactors cannot be as effective, because of the inherently lower power dissipation rates
in the flows in larger tubes compared with those in microchannels. As a result, research focus has
switched to manufacturing more complex reactor structures at the mesoscale to improve performance.
Additive manufacturing (AM) has now been adequately ‘proven’ as a convenient fabrication method
for mesoscale flow reactors. For example, Okafor et al. (2017b) 3D-printed a simple 2.5 mm diameter
meso-OBR for the synthesis of silver nanoparticles, showing that nearly monodisperse particles could
be produced upon optimisation of the oscillation conditions. Additionally, it was recently demonstrated
that 3D-printed 5 mm diameter coiled tubes subjected to net and oscillatory fluid motion exhibit superior
plug flow performance at low Reynolds numbers to coiled flow inverters (McDonough et al., 2019a).
In this case AM enabled precise control over the radius of curvature and tube pitch, allowing a
systematic parametric design study to be performed. Process intensification using oscillatory flows
around orifice baffles has also been thoroughly established. Examples include: heat exchange (Law et
al., 2018), crystallization (McGlone et al., 2015), biofuel synthesis (Masngut et al., 2010), fermentation
(Ikwebe, 2013), suspension polymerisation (Ni et al., 1999) and water treatment (Al-Abduly, 2014).
However, the combination of oscillatory flows with more complex reactor geometries remains an
underdeveloped research area.
Here we propose a simple method for the ‘bottom-up’ design of complex mesoscale reactors by the
combination of simpler compatible geometric ‘building blocks’, which would otherwise be impractical
to fabricate via conventional methods. Specifically, in this paper we report the experimental
characterisation of the plug flow performance of a complex tube arrangement designed by adding a
helical coil tube insert to a helical coiled tube.
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2 Methodology
2.1 Reactor Designs & Fabrication
Figure 1 shows the coil-in-coil tube geometry and the three “benchmark” designs. The purpose of these
benchmarks was to isolate the effects of the centrifugal force induced by the coiled tube and the swirling
flow induced by the helical coil insert in order to ascertain whether these effects were additive. Table 1
summarises the key dimensions. All reactors were “mesoscale”, with 5 mm diameters. The volume was
approximately constant across all reactors to remove the mean residence time effect from the tracer
injection experiments, so that the performances of the reactors subject to different operating conditions
could be directly compared. Both R3 and R4 had 10 turns of the coil giving total reactor lengths of 985
mm in a compact geometry. This meant that the straight tube benchmark configurations needed to have
lengths of 855 mm to match the volume. The pitch and diameter of the helical tube inserts in R2 and
R4 used the ideal dimensions previously identified by Phan and Harvey (2011).

Figure 1 – Reactor design matrix | (a) plain straight tube (R1), (b) straight tube containing a helical
coil insert (R2), (c) plain coiled tube (R3), and (d) coil-in-coil tube (R4)

Reactor

R1
R2
R3
R4

Tube
Diameter,
DT (mm)
5
5
5
5

Table 1 – Summary of reactor dimensions
Reactor
Insert
Insert
Volume, V Pitch, PI
Thickness,
(mL)
(mm)
DI (mm)
16.79
15.29
7.5
1
16.58
14.92
7.5
1

Tube Pitch,
PT (mm)
10
10

Radius of
Curvature,
Rc (mm)
12.5
12.5

All four reactors were modelled using Google SketchUp and additively manufactured in a clear methyl
acrylate polymer-based resin using a Form2 stereolithography 3D-printer (Figure 2). As a translucent
material this resin enabled trapped air bubbles to be easily identified so that they could be purged. The
helical paths of the tube and of the tube inserts were defined using the “Helix Along Curve” plugin (3D
AlbertSoft, 2018). Short 20 mm straight sections were also placed before and after the coiled tube
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sections to allow for ancillary fittings to be connected to the reactor. All four reactors were printed at
the same resolution, XY: 150 μm (fixed) and Z: 100 μm, in vertical orientations. Because the build
volume was fixed at 145 x 145 x 175 mm, the straight reactors were printed in six equal length segments
(142.5 mm) and bonded following post-processing. Post-processing involved washing the parts in an
isopropyl alcohol bath (FormWash) to remove residual resin followed by drying. Parts were then postcured for 60 minutes at 60°C in 405 nm UV light (FormCure).

Figure 2 – Images of the 3D-printed coil-in-coil reactor and three benchmark reactors
The root mean square roughness was 2.9 μm for the 100 μm layer height setting (Okafor et al., 2017b).
This corresponds to a relative roughness of 0.00058 for the 5 mm tube diameter. MacDonald et al.
(2017) have shown that the resolutions of DLP/SLA printing processes does not greatly impact the
mixing induced at the walls in microchannels. Thus, it is likely that the roughness of the 3D-printed
surfaces did not greatly influence the RTDs in this study. Regardless, all four reactor configurations
were printed using the same polymer, so the difference in reactor performance can be attributed only to
the differences in the geometry.
2.2 Operating Conditions
The Dean number is typically used to characterise the flow in coiled tube geometries. However, in the
present study it was decided to compare the reactors based solely on the Reynolds number because of
the complex relationship between inertia, centrifugal forces and viscosity in R4, the lack of centrifugal
force generation in R1, and the ill-defined centrifugal force induced by swirling in R2. Here, two
different Reynolds numbers characterising the net flow (Ren) and superimposed oscillatory motion
(Reo) where used instead. In these equations, ρ is the liquid density, v is the net flow velocity, DT is the
tube diameter, μ is the liquid viscosity, f is the applied oscillatory frequency and x o is the applied
oscillation amplitude.
𝜌𝑣𝐷𝑇
1
𝑅𝑒𝑛 =
𝜇
2𝜋𝑓𝑥𝑜 𝜌𝐷𝑇
2
𝑅𝑒𝑜 =
𝜇
Experiments were performed at net flow Reynolds numbers of Ren = 10, 30, 40 and 50. The
corresponding residence times and net flow velocities for each geometry are shown in Table 2.
Oscillatory motion was superimposed on to these net flows at amplitudes of 1–8 mm and frequencies
of 0.25–8 Hz. Syringe pumps were used to generate both the net flow and oscillatory motion (further
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details provided in Section 2.3). Due to a limitation of the syringe pumps, it was not possible to study
the combined effects of high amplitude and high frequency as shown in Table 3. Nevertheless, these
conditions would probably be impractical for reaction engineering applications due to the high potential
for cavitation.

Geometry

R1

R2

R3

R4

Table 2 – Mean residence times and net flow velocities for each geometry
Hydraulic
Reactor
Net Flow
Mean
Net Flow
Diameter
Volume (mL) Reynolds
Residence
Velocity
(mm)
Number, Ren
Time (s)
(mm/s)
5
16.79
10
427
2
30
142
6
40
107
8
50
85
10
4
15.29
10
486
2.5
30
162
7.5
40
121
10
50
97
12.5
5
16.58
10
421
2
30
141
6
40
105
8
50
84
10
4
14.92
10
474
2.5
30
158
7.5
40
118
10
50
95
12.5

Table 3 – Operating condition matrix showing obtainable (green) and unobtainable (red) oscillation
conditions in the present experimental setup
Amplitude, xo (mm)
Frequency,
f (Hz)
1
2
3
4
8
0.25
0.5
1
2
3
4
5
6
7
8
2.3 RTD and Tanks-in-Series Model
The residence time distribution (RTD) was used to compare the plug flow behaviour of each of the four
reactors. These were experimentally measured using imperfect tracer pulse experiments using the setup
shown in Figure 3. Here, deionised water (conductivity of <0.1 S/cm) was used to generate the main
flow, whilst a 0.5 M aq. KCl solution was used as the tracer. It has previously been shown that the
density of KCl solutions has no significant effect on the shape of the RTD curve in the concentration
range of 0.3–3 M (Phan et al., 2011).
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Figure 3 – Experiment setup for measuring residence time distributions (RTD)
Three syringe pumps (C3000, TriContinent) were used to generate the net flow, apply fluid oscillation
and inject the KCl tracer. The oscillatory motion was applied at the base of the tube using a 12 mL
syringe. The oscillation amplitude was controlled by adjusting the volume dispensed from the syringe,
which was linearly correlated with the movement of the plunger, whilst the frequency was controlled
using the speed and acceleration settings of the lead screw. The net flow rate was delivered with a
smaller 5 mL syringe to provide a compromise between minimising cavitation and minimising the
number of refills of the syringe require per experiment. Finally, 0.125 mL of the tracer was injected
using a 1 mL syringe at the maximum speed available (~0.15 s) to generate as close to a perfect pulse
response as possible whilst minimising disturbance to the flow. The tracer was injected after the inlet
union fitting (highlighted in Figure 3) to avoid dead-zones that would otherwise skew the RTDs.
A tee-fitting with 10 mm tube fittings on the through-section and a 4 mm tube fitting on the branch was
connected to the outlet of the reactor. This allowed a conductivity probe (CDC749, Hach) to be inserted
into the flow to measure the conductivity of the KCl tracer. Dead-zones around this probe were
eliminated by using a custom 3D-printed plug, highlighted in Figure 3. The conductivity probe was
connected to a CDM210 conductivity meter, whose analogue output was received with an ADC-20 data
logger with the data recorded using PicoLog software. An extended run of 5 mm i.d. tubing was
connected after the conductivity probe to prevent accumulation of the tracer around the probe. Thus,
the present setup provided an open-open boundary condition around the reactor.
The exit age distribution, E(t), (equation 3) defines the fraction of fluid elements that exit the reactor at
a particular time, and thus provides a quantitative measure of the plug flow quality: broad curves
indicate poor control over the residence time, whilst narrow curves imply sharp residence time control.
In our experiments we confirmed that there was a linear relationship between the conductivity and
concentration of the tracer meaning we were able to directly use the conductivity data to calculate the
experimental E-curves. For our discrete measurements, equation 4 was used to compute E(t). This was
then non-dimensionalised by multiplying by the mean residence time as shown in equations 5–7. For
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comparable levels of mixing, the dimensionless E() curves will be the same and centred on  = 1
(meaning the fluid predominantly exists the reactor after approximately one mean residence time).
𝐶
𝐸(𝑡) = ∞
3
∫0 𝐶 𝑑𝑡
𝐶(𝑡)
4
𝐸(𝑡) =
∑ 𝐶(𝑡)∆𝑡
5
𝐸(𝜃) = 𝜏𝐸(𝑡)
𝑡
6
𝜃=
𝜏
∑ 𝑡𝐶(𝑡)∆𝑡
7
𝜏=
∑ 𝐶(𝑡)∆𝑡
The tanks-in-series model (equation 8) was then used to quantify the plug flow performance of each of
the four tube configurations. In this model, increasing the number of equivalent well-mixed batch
regions in series provides a closer approximation to plug flow. N =  denotes perfect plug flow, though
practically N  10 is usually regarded as the minimum acceptable level because this is the point where
the RTD curves become Gaussian. For each experiment, N was determined by matching the model with
the E() curve determined experimentally. No other statistical moments (e.g. variance or skewness)
were considered.
𝑁(𝑁𝜃)𝑁−1 −𝑁𝜃
8
𝐸(𝜃) =
𝑒
(𝑁 − 1)!
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3 Results and Discussions
3.1 Plug flow performance of the coil-in-coil
Figure 5 shows three dimensionless residence time distribution (RTD) curves where exceptional (N ≥
100) plug flow quality was observed in the coil-in-coil geometry. These values far exceed those
typically observed in the comparable mesoscale oscillatory baffled reactor (meso-OBR), which also
uses a 5 mm tube diameter. For example, values of N = 20, 25 and 45 have previously been reported
for the three ‘conventional’ meso-OBR designs: integral baffle, central axial baffle and helical baffle
respectively (Phan and Harvey, 2010; Phan and Harvey, 2012). The values of N ≥ 100 also far exceed
the minimal acceptable plug flow limit, usually regarded as N = 10. It is also worthwhile to note that
these values were obtained using an imperfect tracer pulse method i.e. they are minimum values.

Figure 4 – Examples of exceptional plug flow quality in the coil-in-coil design (R4) | (a) N = 209 (Ren
= 40, xo = 2 mm, f = 5 Hz), (b) N = 166 (Ren = 40, xo = 2 mm, f = 3 Hz), and (c) N = 100 (Ren = 10,
xo = 3 mm, f = 0.5 Hz)
Context to these results can be provided by relating the above results to a real application such as
reaction screening. The RTD with N = 209 (Figure 4a) is equally and very narrowly distributed around
θ = 1, meaning the tracer predominately exits the reactor after one mean residence time. The spread of
residence times is just θ = ±0.15, meaning it would take only 0.3 residence times to transition to another
set of processing conditions (such as reactant molar ratio, solvent switch, etc.). Dynamic screening is a
‘big data’ concept where rapid changes are made to a continuous flow reactor platform whilst
monitoring the reaction at the outlet. This data can then be used to develop robust models of the
chemistry/process. For the case with N = 209, only 30% of the reactor volume would be ‘wasted’ whilst
rapidly switching between the different processing conditions; this waste is defined as a mixed flow
region convoluting the effects of two sets of operating conditions. Larger values of N therefore
correspond to higher accessible information densities per volume of material for flow screening
operations. Alternatively, the very narrow RTDs would also translate to very narrow product
distributions; for example, this should allow for finer crystal or nanoparticle size distributions provided
that the growth kinetics are comparable to the residence time. However, perhaps from a more practical
point of view any of the geometries R2, R3 or R4 might be sufficient for most processes since N >> 10.
It should be noted that the tanks-in-series model is less sensitive to the value of N for large values of N,
i.e. the error margin becomes larger as the plug flow quality increases, and a change of N = 1 will be
less apparent for large values of N (≥ 100) compared to smaller values (≤ 10). However, Figure 4 shows
that the RTD curves between 100 ≤ N ≤ 209 are clearly distinguishable, implying that these large values
of N have significant, and therefore exploitable differences.

8

Table 4 summarises the maximum values of N observed when averaged over three experimental repeats
in each of the tube geometries under consideration, along with the corresponding oscillation conditions
that maximised plug flow performance. In the plain straight tube geometry (R1), no experiment
exceeded N > 16, and there was no observed benefit to oscillating the flow. Without any mechanism to
perturb the boundary layer, the flows are largely dominated by the convective dispersion typically
observed in laminar flows. In contrast, significantly larger values of N were observed in geometries R2,
R3 and R4.
Table 4 – Comparison of conditions for best plug flow performance in each reactor
Maximum No. conditions
Design
ψ
xo (mm)
Navg
with N ≥ 100
R1 Plain straight tube
13 ± 2
0
R2 Straight tube with helical coil
2–6
2
132 ± 32
6
R3 Plain coiled tube
5–19
2
101 ± 15
1
R4 Coil-in-coil
2–7
2
197 ± 25
14
The best oscillation amplitude, of those tested, was 2 mm for R2, R3 and R4. We previously found that
the appropriate amplitude for maximising the plug flow quality in coiled tubes subjected to oscillations
depended on the radius of curvature, whilst the pitch had little influence (in the range of 7.5–12.5 mm)
(McDonough et al., 2019a). This is based on the interaction of the inertial and centrifugal effects, i.e.
increasing the amplitude requires a corresponding increase in the radius of curvature to keep the Dean
number (through the product of inertial and centrifugal forces) constant. Geometry R2 exhibiting the
same seemingly best oscillation amplitude of 2 mm seems to be somewhat coincidental, though this
geometry does exhibit centrifugal effects through the induced swirling motion, and the tube diameter
was the same as R3/R4. Based on the similar velocity ratio ranges (ψ) for maximum plug flow between
R2 and R4, it appears that the swirling flow component induced by the coil dominated the behaviour of
design R4. Further discussions regarding the relative contributions of the coil insert and coiled tube are
provided in Section 3.3.
3.2 Plug flow at very low oscillation frequencies
Figure 5 shows the plug flow behaviours of tube designs R2, R3 and R4 obtained at very low oscillation
frequencies at three different net flow rates (columns) and four different oscillation amplitudes (rows).
The results obtained at 1 mm oscillation amplitudes have been omitted because no meaningful
improvement of the plug flow behaviour was observed compared to the results with no oscillatory flow.
This behaviour was previously observed for a plain coil subjected to oscillatory flow (McDonough et
al., 2019a). Note, a frequency of 0 Hz denotes no oscillation, and a dashed line marking the point N =
10 has been included for reference.
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0
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Figure 5 – Plug flow behaviour at low oscillation frequencies | column 1: Ren = 10, column 2: Ren =
30, and column 3: Ren = 50 | row 1: xo = 2 mm, row 2: xo = 3 mm, row 3: xo = 4 mm and row 4: xo =
8 mm
0

It can be seen in Figure 5 that most oscillation conditions improved the plug flow quality in designs R2,
R3 and R4 compared to net flow only. Additionally, the net flow rate does not appear to have a
significant effect on the plug flow quality (columns 1, 2 and 3 show broadly similar results).
Interestingly, this meant very high values of N were observed using Ren = 10; this is of particular interest
to long residence time processes. Note that the repeatability of the results was also excellent at all
conditions, hence the apparent absence (for various datapoints) of error bars.
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Generally, the plug flow quality decreased as the oscillation amplitude was increased. As mentioned
above, for the coiled tube reactors (R3 and R4) there appears to be an ideal ratio of oscillation amplitude
to the radius of curvature of the coil, which is based on maintaining a constant product of inertial and
centrifugal effects. This result is captured using the Strouhal number, which characterises vortex
shedding behaviour via a vortex shedding frequency (f) at length scales (L) and fluid velocities (U). By
defining the characteristic velocity as the maximum oscillatory velocity, 2πfxo, and the characteristic
length as the radius of curvature, Rc, equation 9 is obtained. In our previous study the ideal Strouhal
number for tube design R3 was found to be Sr = 1.5.
𝑆𝑟 =

𝑓𝐿
𝑅𝑐
=
𝑈
2𝜋𝑥𝑜
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For the straight tube with a helical coil (R2), increasing the amplitude also appeared to decrease the
plug flow quality. This is in apparent contradiction to previous results, where it has been shown that
larger amplitudes promote narrower RTDs (Phan and Harvey, 2012). Here, good plug flow quality has
been observed across a broad range of oscillation intensities because of the additional swirling induced
by the coil. However, it should be emphasised that the results in Figure 5 were produced at much lower
frequencies than the previous studies, meaning that the flow structures might be significantly different.
It was observed at some net flow rates and oscillation amplitudes that the 1 Hz frequency provided the
best plug flow quality. The 0.25 Hz and 0.5 Hz frequencies were subsequently tested to confirm the
actual frequencies for peak plug flow performance. Surprisingly, this led to the observation of
remarkably good plug flow quality at very low oscillation intensities in the new coil-in-coil geometry
(R4). For example, for Ren = 10 and xo = 2–4 mm (Figures 5a, d and g) around 75–100 equivalent tanksin-series was observed in the coil-in-coil reactor at frequencies of 0.5 Hz. Similarly, for Ren = 10 and
xo = 3–8 mm (Figures 5d, g and j), 40–50 equivalent tanks was observed with an oscillation frequency
of just 0.25 Hz.
In contrast, for the plain coiled tube (R3), the ideal frequency at each amplitude and net flow rate was
nearly always greater than 1 Hz. Based on the similarities of the R2 and R4 geometries, it is likely that
the smaller in-line coil must be somewhat responsible for this surprising low-frequency operating
window. We propose that the combination of low oscillation frequency and helical coil causes the
length-scales for diffusion to be decreased through flow folding and advection, which in turn promotes
mixing by diffusion, which is the same mechanism responsible for mixing in microchannels (diameters
of < 1 mm). This is because vortices are not observed around helical coils at low amplitude and
frequency combinations (McDonough et al., 2019b).
Generally, the plug flow quality at the low frequencies in R4 worsened as the net flow rate increased.
Regardless, new applications might still be exploitable at the conditions where good plug flow quality
was observed using these very low frequencies (f ≤ 1 Hz). One example would be in biological
processing applications, where the low frequencies should reduce the shear rate intensity in the flow.
Cell suspensions have already been demonstrated in comparable meso-OBRs containing smooth
periodic constrictions (Reis et al., 2006a; Reis et al., 2006b). To aid the suspension characteristics, the
coil-in-coil could be run in reverse with the feed to the top of the coil and withdrawal from the base of
the coil. This is because in meso-OBRs, higher frequencies are typically required to keep solid matter
suspended when the flow direction opposes gravity (at least for smooth integral baffles) (Eze et al.,
2013; Harvey et al., 2003). Though it would need to be ascertained how the suspended solids/slurry
might impact the dispersion characteristics.
3.3 When is the new coil-in-coil reactor beneficial?
In conventional tubular plug flow reactors, coiled tubes and coiled flow inverters (CFIs), mixing is
controlled predominantly by the net flow rate. In tubular reactors for example, high superficial velocities
are needed to suppress the formation of laminar velocity profiles that otherwise lead to broad RTDs.
Similarly, it has been shown that the plug flow quality of coiled tubes and CFIs is only comparable to
the oscillatory flow in coiled tubes at much higher net flow Reynolds numbers, typically around Ren ~
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6400 (McDonough et al., 2019a). The requirement for a high tube velocity limits the allowable
residence times that can be achieved for a given tube length, and for some long residence time processes,
might be impractical altogether (requiring extremely long reactor lengths that are difficult to control).
The use of oscillatory motion overcomes these limitations by decoupling the mixing intensity from the
net flow rate. Mixing can be controlled independently of the net flow by adjusting the oscillation
amplitude and frequency. This allows for smaller reactor L/D ratios, enabling the transformation of long
residence time batch processes to continuous flow processing. In the case of the oscillatory coiled tube
(design R3), the oscillations act to invert the flow ‘in time’ rather than ‘in space’ as in the CFI. This
prevents the formation of stagnant zones whilst requiring significantly shorter tube lengths for a given
residence time.
The coil-in-coil geometry has contributions to the flow structures from the centrifugal effects induced
by the coiled tube geometry (aka Dean vortices), and swirling effects induced by the secondary coil
insert. To understand the potential additive benefits of these on the plug flow behaviour, Figures 6 and
7 have been plotted. Figure 6 compares how the plug flow quality varies in each geometry as a function
of the oscillation intensity at the best amplitude (xo = 2 mm), which was the same for designs R2, R3
and R4. Figure 7 then shows which geometry was most favourable for different combinations of
amplitude (xo = 1–4 mm), frequency (f = 1–8 Hz) and net flow rate (Ren = 10–50).

Figure 6 – Comparison of the coil-in-coil with the three benchmark geometries at the best oscillation
amplitude (xo = 2 mm) | (a) Ren = 10, (b) Ren = 30, (c) Ren = 40, and (d) Ren = 50
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The plain straight tube benchmark (R1) clearly showed no improvement in the plug flow behaviour
when oscillatory flow was applied. In this geometry there was no available mechanism to induce radial
mixing, meaning the mixing was mostly dominated by laminar dispersion effects. In contrast, the other
three tube designs showed clear improvements in plug flow performance with the application of
oscillatory motion.
In Figure 6 it can be seen that the coil-in-coil geometry (R4) behaved similarly to the R2 benchmark
design at net flows of Ren = 10, 30 and 50, implying that the swirling motion induced by the secondary
coil dominated the flow structures. Though the plug flow was generally of higher quality in R4. In both
of these designs, there was a dip in the plug flow quality around Reo = 180–250 at the lowest flow rate
leading to two different maximums in the plug flow quality (Figure 6a). One hypothesis is the peak
vortex-strength occurs at lower Reo than the peak-swirl strength; the superposition of the two effects
then leads to two distinct flow regimes. From an alternative perspective, there could instead be a
resonance effect that suppresses vortex formation around Reo = 180–250 that might explain the plug
flow quality dipping.
At Ren = 40 (Figure 6c), geometry R4 produced a clearly distinct behaviour to R2 (and R3) for Reo >
125; this result was confirmed to be real through multiple repetitions of these experiment conditions, as
indicated by the error bars. This could be the result of another resonance effect where vortex shedding
at this particular frequency/geometry combination was enhanced. The larger magnitude of the error
could also indicate that this resonance is highly sensitive. This result implies that there may be further
opportunities for combining complex geometries with oscillatory flows, though further study of the
fluid mechanics would also be needed.
In the tanks-in-series model, increasing the number of equivalent well-mixed batch regions in series
improves the approximation to ideal plug flow (with the limit being an infinite number of infinitesimally
thin well-mixed tanks). Therefore, at the ‘abstract’ mathematical level, we argue that the number of
physical mixing zones that can be fitted into a typical OBR also limits the plug flow quality. In terms
of a physical interpretation of this claim, each of the OBR’s ‘baffle cavities’ (representing the physical
mixing zones) when viewed in isolation would have an RTD closely resembling that of a CSTR,
exhibiting a sudden dilution followed by exponential decay. It has instead been shown using numerical
simulations that the flows around helical coils subject to oscillatory flows are helically symmetric
(McDonough et al., 2017). Here no obvious physical mixing zone can be defined, and thus, this physical
mixing zone limitation does not apply to geometries R2, R3 and R4. The level of plug flow in these
geometries is instead determined by the amount of advective and transverse mixing that can be imposed
to the flow (created through the combination of the oscillatory flow and complex geometry). Here, all
fluid elements to sample all of the different velocities in the reactor such that their residence times
become equal (and much closer to the ideal). This notion is supported by the much higher values of Navg
reported in these designs compared to previous results for meso-OBRs (Phan and Harvey, 2010).
It should be noted that the tanks-in-series model is still acceptable for quantifying the performance of
these geometries (and turbulent flows too), because for high quality plug flow the dispersion coefficient
can be calculated based on the variance of the RTD curves.
Based on Figure 6, it can also be seen that the coil-in-coil performance is not simply an additive
combination of the performances of the R2 and R3 benchmarks as originally desired. One possibility is
the forces associated with the coiled flow and swirling flow become mutually disruptive, resulting in a
breakdown of the vortex structures that increases axial dispersion. One mechanism for this could be due
to the different apparent centrifugal forces setup in the flow, i.e. the secondary coil insert will induce
swirling that will produce an outward acting force from the centre of the tube. An apparent centrifugal
force will also act across the tube as a result of the main coiled flow which can either constructively or
destructively add to this swirling flow. At certain combinations of oscillation amplitude and frequency
(Figure 7), this could warp the vortex structures.
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Figure 7 subsequently shows the conditions at which each of the geometries R2, R3 and R4 produced
the best plug flow response at different combinations of oscillation intensity and net flow rate. Note,
where the behaviours of two or more of the geometries were similar (within N = 5), all tube designs
have been plotted.
The coil-in-coil geometry generally provided the best plug flow performance at the lowest oscillation
frequencies (f ≤ 1 Hz) and at the lowest amplitudes (xo = 1–2 mm) on a non-exclusive basis. In contrast,
the R2 and R3 geometries generally seem better suited to combinations of high oscillation amplitude
and high frequency. The result for the R2 benchmark has already been observed in the literature (Phan
and Harvey, 2012). The additional swirling provided by the coil provides a mechanism to limit axial
dispersion as the oscillation intensity increases, even as the vortex structures break down and/or whose
growth are limited by the tube diameter (McDonough et al., 2017). For the plain coiled tube, it has
previously been shown that the amplitude should be selected to keep the Strouhal number constant
(McDonough et al., 2019a); increasing the amplitude with a constant radius of curvature causes a
reduction in the plug flow quality. Based on Figure 7, it seems that with the additional secondary coil,
the coil-in-coil geometry is more sensitive to this effect. This could be related to the point above that
the combined effects of coiled flow and swirling become mutually disruptive.

Figure 7 – Most favourable tube configuration for each oscillation amplitude and frequency
combination | (a) Ren = 10, (b) Ren = 30, (c) Ren = 40, and (d) Ren = 50 | the new coil-in-coil
geometry (R4) is advantageous for low oscillation frequencies ( 1 Hz) across all amplitudes, and low
oscillation amplitudes ( 2 mm) across all frequencies
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3.4 Further discussion
Additive manufacturing (AM) allows for the fabrication of tube geometries that were previously
inaccessible via conventional manufacturing techniques. With the current suite of desktop printing
technologies available on the market, new concepts can be rapidly developed and optimized with
minimal requirements for complementary computational methodologies, although simulations can still
provide valuable insight into flow structures etc. For instance, there is scope to combine computational
and additive manufacturing tools to solve novel problems such as optimization of catalyst performance
(Grande, 2018). Alternatively, simulations can provide insights into the fundamental fluid
mechanics/mixing processes that occur within complex reactor structures. In terms of chemical
functionality, numerous chemical reactions have now been successfully demonstrated in various 3D
printed ‘reactionware’ (Rossi et al., 2018). It remains to be seen whether further chemical compatibility
or functionality might also be achievable through metal/alloy printing, considering powder removal
from complex channels is non-trivial.
Here we have shown that complex reactor structures can be designed by combining simple geometric
features to realise further enhanced plug flow performance. We believe this technique can easily be
generalised depending on the desired processing requirement; e.g. maximising/controlling shear rates,
maximising micromixing, evolving the mixing patterns as the process parameters change (e.g. viscosity
during polymerisation), etc. One approach to standardise this geometry combination method could be
on identifying more complimentary geometric features – here we combined two different types of
helical coil that both produce centrifugal force effects. Another example could be to add structures that
promote flow folding to reduce diffusion length-scales, such as ‘split-and-recombine’ elements in
microreactors, because diffusion still contributes to the mixing rates somewhat even at the mesoscale
(1–10 mm tube diameters). We have also shown that there is great scope for combining novel
geometries with non-steady state/dynamic operation, an area that is currently underdeveloped.
It was discussed in the previous section that geometries R2, R3 and R4 might not have physical
limitations to the plug flow quality because it can be argued that the fluid streamlines in these designs
can be continuously folded into more compact structures to reduce axial dispersion (via advection).
Whereas, the baffle cavities in the comparable meso-OBR restrict this ‘compactification’ of the
streamlines because these geometries are insufficient for creating the transverse velocities needed to
overcome their dominant axial motion. However, the combination of increasing oscillation intensity
(temporal perturbations) with complex geometries will cause the flow to become increasingly unsteady
and chaotic. Perhaps another interesting application of AM could be the study of the onset of turbulence.
Here, controlled additions of more geometry ‘building blocks’ to a base tube geometry via AM could
be used to study the transition of a laminar flow state to an unsteady one under the controlled additions
of different geometric features. This could be bolstered by the capability of AM to directly fabricate
digital models that have been refined/optimized using computational methods (Parra-Cabrera et al.,
2018).
4 Conclusions
Here we report a new complex ‘coil-in-coil’ reactor geometry fabricated using 3D printing and designed
by adding simpler ‘building blocks’ together. When the fluid is subjected to oscillatory motion
superimposed upon the net flow, this geometry demonstrated exceptional plug flow quality: up to N =
197. The best oscillation amplitude for maximising plug flow quality was found to be 2 mm, which was
the same as the benchmark geometries. Surprisingly, very high quality plug flow was also observed at
frequencies as low as f = 0.25 Hz, which could be beneficial for shear-sensitive processes such as those
found in biological applications. Overall, the coil-in-coil geometry produced the best plug flow response
at low frequencies (f ≤ 1 Hz) at all amplitudes, and low amplitudes (x o = 1–2 mm) at all frequencies.
We believe there are still multiple unexplored opportunities for additive manufacturing in the field of
reactor engineering.
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