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This article reports the development and utilisation of an adaptive design workflow methodology for use as a
platform technology for the printing, testing, and optimisation of biopharmaceutical processing reactors. This
design strategy was developed by application to the complex structure of the coiled flow inverter (CFI). In this
way, the many possible physical parameters of the reactor were optimised, via a combination of experimental
results, computational fluid dynamics and machine learning approaches, to find the CFI setups that provide the
optimal flow properties for a particular application. Additively manufactured reactors are seeing increasing
interest in the field of biopharmaceutical production. This is because the desired output volumes are typically
small and there is an increasing move towards adopting continuous production, to replace traditional batch
production. This approach allows for the tailoring of reactors for a specific reaction, i.e. attempting to maximise
the desired aspects of the reaction through refinement of the physical parameters of the reactor, so creating a
large possible parameter space to explore. Consequently, the holistic optimisation of CFI reactors and 3D printing
is established as providing better plug flow mixing relative to traditional tube coiled reactors. In addition, a
trained metamodel in combination with multilayer equations is demonstrated to predict reactor performance
quickly and accurately.

ability to create the most suitable design for a process application.
Coiled structure is commonly used in reaction chemistry but in most
cases it’s limited to single coil (Pal et al., 2019) or 4-coil (Schael et al.,
2024) constructs. In addition to this, the construction of this traditional
backbone structure for a multi-layer structure can be time-consuming,

1. Introduction

Application of CFI reactors in chemical industry is proven to increase
the process performance in terms of synthesis (Tomar et al., 2023) and

reaction times (Sharma et al., 2016). Traditional coiled flow inverter
(CFI) reactors are constructed by coiling tubing around a ‘backbone’
structure made of PVC piping, which constrains values of the coil
diameter and inner diameter to the sizes of piping commonly available
(1/16” (1.6 mm), 1/8” (3.2 mm), %" (6.4 mm) etc.). Having discrete
tubing sizes greatly limits the design space and may even limit our

labour intensive and cannot be easily modified once constructed.
Alternatively, 3D printing of individual, modular reactors alleviates
many of these issues, as a reactor can be manufactured and tested as a
standalone device or connected in series using simple plastic tubing
connectors to produce a larger multi-layer setup. Individual layers can
be swapped out for freshly printed reactors if they get damaged, and the
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Nomenclature

List of abbreviations and acronyms

d. coil’s diameter

d; internal diameter of the coil’s tubing
h. height of the coil (n; x p)

n, number of 90-degree bends per reactor element
ng number of turns per coil

R, relative width parameter

T* modified torsion parameter

tso time at which F(t) = 0.05

tos0e time at which F(t) = 0.95

tm mean residence time

o? variance

AP pressure drop

conductivity as a function of time
diffusion constant

Dean number

residence time distribution function
friction factor

cumulative distribution function
path’s length

pitch of the coil

Reynolds number

mean velocity

dynamic viscosity

kinematic viscosity

density

space time
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reactor size can easily be increased by adding extra layers. On the other
hand, there can be restrictions with the build volume of the additive
manufacturing platform limiting the size of the reactors and the
post-processing time required for each reactor. This problem of CFIs
lends itself well to the process of additively manufactured reactors, in
which meso- or milli-fluidic reactors can be rapidly fabricated, over the
course of hours, and tested the same day. This high throughput fabri-
cation works particularly well for the design of CFIs for viral inactiva-
tion, as this allows the building of long residence time devices in a
matter of days, with less of the repetitive fabrication of traditional CFIs,
that can lead to unintentional variations and inconsistencies in the
design.

The optimal reactor for a specific process depends not only on the
desired outcome but also on the input conditions and physical con-
straints of the problem, such as the flow rate, residence time, maximal
pressure, and available working volume. Consequently, many design
options may need to be evaluated, through simulation and/or experi-
ment, to better understand how all these factors influence the reactor’s
performance. With this understanding, an adaptive design approach is
proposed — a workflow focused on a cycle of design, testing and opti-
misation of a reactor to enhance a particular process. Systematically
exploring an initial design space is a very time-consuming task, and thus,
a lot of time and effort can be saved using a mathematical model that
correlates a reactor’s performance with its geometrical and flow
properties.

In this work, we present a meta-model (MM) for R, trained using
experimental and Computational Fluid Dynamics (CFD) simulations,
and then we use this MM to calculate an optimal reactor for a specific
case study.

The overall objective of this work is to demonstrate how the bio-
pharmaceutical industry can move to bespoke single-use 3D printed
reactors by presenting:

1. 3D printing technology that will explore wider design space (see
Sections 1.1.1 and 1.1.3 for design space parameters and perfor-
mance indicators, respectively).

. Systematic design space analysis to explore full-factorial range of
design parameters.

. Validated design solutions via numerical CFD simulation.

. Validated design solutions wusing bespoke experimental
measurements.

. An equation based meta-model that will accurately estimate design
performance of any given CFI reactor.
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1.1. Coiled flow inverters

1.1.1. Design of the coiled flow inverters

The coiled flow inverter (CFI) itself is a type of reactor device in
which four tubular coils are situated at 90° to one another. The bends
produced by this layout disturb unmixed regions and the helical regions
cause radial mixing through the formation of Dean vortices. The CFI
design has been used in a variety of processes, including heat transfer
(Kumar et 2007a, b), nanoparticle production (Wu and
Torrente-Murciano, 2018; Pophali et al.,, 2022) and liquid-liquid
extraction (Giirsel et al., 2016). Another process they are heavily used
in is low pH viral inactivation (Orozco et al., 2017; Parker et al., 2018;
David et al., 2019, 2020), in which biopharmaceutical pre-cursors and
products are made safer through slow mixing with a low pH component,
over the course of a long time period. This lends itself well to CFI design
due to their ability to induce non-turbulent mixing, their often narrow
residence time distributions (RTD) and ability to be stacked in series to
produce long fluid flow routes (Gaddem et al., 2022; Klutz et al., 2016;
Parker et al., 2018; David et al., 2019, 2020; Orozco et al., 2017).
Designing and constructing a CFI module is complex due to the multi-
tude of physical parameters, such as flow rates, pressure requirements,
and thermal properties, along with the extensive tubing lengths often
necessary to achieve optimal functionality. Traditional CFIs, in bio-
pharmaceutical applications, are built from plastic tubing wrapped
around a ‘backbone’ structure that produces the helical coils and are
usually made by hand (although other construction materials are
available (Kumar et al., 2007a, b). In addition to the labour intensive
construction, many of the most important parameters are interlinked
and so the choice of an optimal CFI design is situationally dependent on
both the exact desired outcome and the material properties of the fluids
within the reactor. Previous work has looked into creating relationship
between number of bends and total volume to achieve near plug flow
(Saxena and Nigam., 1984), however this is not sufficient for more
complicated multi-layer constructs.

The physical structure of a generic CFI is defined by key parameters
of (Klutz et al., 2015):

al.,

Internal diameter of tubing d;

Diameter of coil d.

Height of coil h,

Pitch of coil p: axial distance between two adjacent turns of the coil,
measured from tube centre to tube centre.

Number of turns n; per coil.

Number of 90° bends nj per reactor element.

where three terms are intrinsically linked via n, = h./p. However,
with a traditional CFI design of four coils at 90° to one another, reactor
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element sets n, = 4 and thus, CFI's can be defined instead by d;, d. and
any two of h., p and n;. This collection of four coils at 90° to one another
is often referred to as a ‘layer’, alluding to their ability to be easily
stacked to produce a longer flow route.

Overall, we sought to design an additively manufactured coiled flow
inverter reactor, suitable for use in low pH viral inactivation processes.
To maximise the efficiency of viral inactivation, the desired output pa-
rameters of such a device are a narrow residence time distribution
(RTD), to ensure slow but thorough mixing, and low pressure drop, due
to the long residence times required for this process (Kateja et al., 2021).

1.1.2. Flow properties of a CFI reactor

The RTD of such a CFI is driven primarily by the formation of Dean
vortices and the 90° bends (Schmalenberg et al., 2019). Centrifugal
forces along the helices push the flow forces outward and the 90° bends
ensure no regions of the cross-sectional profile are unaffected by this
shift and left un-mixed. Due to these centrifugal forces, the Dean vortices
formed are shifted and break their standard symmetry (Saxena and
Nigam, 1983; Vashisth and Nigam, 2008), with the amount of asym-
metry dependent on the fluid and flow properties. These flow properties
can be described primarily by two dimensionless parameters: the Dean
number Dn and the modified torsion parameter T*, (Mandal et al.,
2011).

d;
Dn = Re d—c R (@D)]
T — Re™% @
p

respectively (Schmalenberg et al., 2019), where Re is the Reynolds
number, related to the mean velocity u, the inner diameter d; and the
kinematic viscosity v by:

udi
v

Re = 3

1.1.3. Measurement of CFI reactor performance

To define a measurement of the efficacy of a particular combination
of CFI parameters, the relative width parameter (R,) (Klutz et al., 2015)
is used. This relies on standard residence time distribution experiments,
in which a tracer is either pulse or step flowed through a reactor and the
concentration tracked as it passes through a specific point, designated as
the outlet. The overall distribution is characteristic of the mixing that
takes place within the reactor. A step injection approach was used to
study RTD curves, and since the conductivity of the tracer is directly
proportional to its molar concentration, the experimental cumulative
distribution F(t) was calculated using Eq. (4), where C(t) and C, are the
conductivity at time t and the inlet conductivity, respectively.

()

4)
An example of an F(t) curve can be found in Fig. S1. This function is

also related tothe residence time distribution function E(t) through Eq.

(5):

dF(t)

E)= —*

(®) it

From the cumulative function, we can obtain relative width, R,

which defines the *compactness’ of the RTD:

()

50

tosy,

Ry = (6)
where tso, and tos, are the times at which F(t) = 0.05 and F(t) = 0.95,
respectively. Higher R, values represent better mixing inside the
reactor, and thus an ideal plug flow reactor has an R, value of 1.
The frictional pressure drop can be obtained using Eq. (7):
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AP=f 7 U (7)
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where p is the fluid’s density, L is the path length and f is the friction
factor. The path length is the linear length of the coil (i.e. the length of
the coil after it has been pulled into a straight line) and it is calculated as

n. 4/ (7de)2 + p?. Different empirical equations can be used to calculate
the friction factor in a coiled flowed reactor, like for example Egs. (8)
and (9) (Schmalenberg et al., 2018).

o4

f= [1+0.0456 Dn®%% (8)

64
= ﬁ[1 + 0.033(log,,(Dn))*]

f )]

The relative width value, alongside the pressure drop, is the primary
comparison point when comparing differing CFIs with varied physical
parameters.

2. Materials and methods
2.1. CFD simulation

CFD simulations have been extensively used to characterize CFI re-
actors’ flow properties in other work (Gaddem et al., 2021; Kumar and
Nigam, 2005; Soni et al., 2019; Jha et al., 2020; David et al., 2020). The
primary input conditions to the CFI reactor process design are the flow
rate and desired residence time. This defines the total volume of the
reactor and it is up to the process designer to size and shape the tubing
accordingly to get the best RTD, whilst maintaining an acceptable
pressure drop.

2.1.1. Single-layer reactors

CFD modelling was used as an immediate method of predicting the
flow properties of a particular set of physical parameters in a CFI reactor
and a method of amassing data to be put towards a larger predictive
meta-model. Using COMSOL Multiphysics 6.0, a generic CFI design was
built with parametric dependencies that allow the variation of the inner
diameter, coil diameter, pitch, number of turns, flowrate and tracer’s
diffusivity. From this model, the residence time distribution response of
specific designs was measured by solving the steady state flow properties
and then tracking a step-injection’s response at the outlet of the reactor.
The tracer used had a concentration of 0.25 mol/m® and a diffusion
constant of 9.3 10~° m?/s which corresponds to that of H' ions (David
et al., 2020). Simulated data (outlet concentration vs time) was fitted to
a cubic spline using Python3 with the SciPy module to obtain F(t), and
then R,, was calculated as the ratio between tso, and tgse.

2.1.2. Design of experiments — parameters’ space

In this work, a full factorial design was carried out using d;, d. and n;
as the controllable factors. The levels for n; were arbitrarily chosen as 5,
6, 8, 10 and 12, and the levels for d; (4.8 mm, 6.4 mm, 8 mm and
9.6 mm) and d. (41 mm, 60 mm, 83 mm,107.2 mm and 159.5 mm)
were chosen based on pipe sizes commonly used in industry. These 100
combinations were run at three different flow rates (22 ml/min, 66 ml/
min and 110 ml/min), resulting in a total of 300 combinations. In all
cases, the pitch was set to 1.5 times the internal diameter.

To decrease computational time and obtain designs suitable for 3D
printing (Anycubic, Photon Mono X), the 300 reactors in the DoE were
scaled down, keeping Re, Dn and T* constant by multiplying Q, d;, d. and
p by the same scaling factor (scaling factor was chosen to ensure the
scaled reactor had a volume of 10 ml). The scaling-down method is a
valid approach since simulated R,, values obtained using full-size re-
actors are the same as those simulated using their corresponding scaled-
down counterparts, as shown in Fig. S2. For other properties, like
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volume and pressure drop, values simulated using scaled-down reactors
are not equal to those obtained when simulating the full-size designs,
however, these values can easily be correlated as shown in Table S1.

2.1.3. Multi-Layer reactors

The multi-layer design within CFD has an additional caveat
compared to experiment, which is how to exactly connect the reactor
flow routes. In the experimental setup, these regions would consist of
connecting tubing and they host many of the probes that are used to
harvest data. It is inevitable that this will have some effect on the flow
properties of the material moving through the system and therefore the
desired outputs.

The set-up shown in Fig. 1a was used to simulate 2-layered reactors,

Fig. 1. a) Multi-layer stacking used in the CFD simulations (d. = 24 mm, d; =
2.8 mm and p = 10 mm), b) CAD model of a generic four-component coiled
flow inverter, displaying all the core parameters and mimicking the traditional
*coil wrapped around a core’ design. ¢) Variation of the CFI design, that
referred to as the encased CFI, that allows for finer inner and outer diameters
and more structural stability when interfacing with flow equipment.
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however, this arrangement led to convergence problems when trying to
simulate reactors with more layers. For these reactors, each layer was
simulated separately, and the output of the previous layer was used as
input. This approach significantly reduces computational time, howev-
er, it also assumes that the fluid entering the reactor is perfectly mixed in
the radial direction, which is a simplification. To validate this method-
ology, the RTD of a 2-layered reactor was compared to that obtained
using the entire 2-layered reactor, and results are shown in Fig. S3. The
R,, values obtained using both methods differ by less than 1 %.

2.2. Additively manufactured coiled flow inverters

2.2.1. Process — stereolithography (SLA)

Additively manufacturing reactors has long been an area of interest
within many regions of chemistry, due to the sheer freedom of design
and access to previously inaccessible parameters of variation (Maier
et al., 2020; Heidt et al., 2020; Dragone et al., 2013; Grande, 2021). This
allows the generation of designs that optimise reactions, based on
knowledge of the desired outputs and the material and physical inputs,
and can interface with most, if not all, of traditional flow chemistry
equipment including syringe pumps, probes and couplings.

Stereolithography (SLA) typically uses a laser to raster and draw an
image in the XY plane onto a vat of photocurable resin, before a stage
adjusts the object in the Z plane and begins a new layer. These pho-
tocurable resins use photoinitiators that are active in the UV to visible
range, with 405 nm being the most common active wavelength. Recent
years have shown alternative methods of directing the light into the vat
of resin that are faster, whilst still maintaining the elevated level of
quality that SLA is known for. LCD printers (or Digital Light Processing,
DLP), in which an LCD (liquid crystal display) acts as a photomask be-
tween a static UV source and the resin vat, are known to be reliable,
cheap and fast, due in part to their ability to cure an entire layer all at
once and their low unit cost. Much work has been undertaken in printing
reactors, across multiple scales and even with designs similar to coiled
flow inverters (in both the coiled and backbone structures) (McDonough
et al., 2019a, 2019b; Bobers et al., 2020; Kovats et al., 2020; Wu and
Torrente-Murciano, 2018). DLP 3D printing was used to fabricate a
variety of reactors, including a facsimile of the coiled flow inverter. For
completeness, it should also be noted that a range of other
manufacturing techniques are available for printing reactors, including
sintering of metals (Norman et al., 2023; Grande and Didriksen, 2021)
and two-photon polymerisation of silica glass (Bauer et al., 2023).

2.2.2. Design process — CAD and parametric design

Based on the workflow defined previously, adaptable designs are
paramount to the process. As such, parametric design, in which 3D
models are shaped via algorithmic processes, in contrast to direct defi-
nitions allow the introduction of quality-of-life changes and quickly vary
the designs within parameter space, using desired values of internal
diameter, coil diameter and coil length etc. This was achieved primarily
within AutoCAD and AutoDesk Fusion 360.

Two core designs were used — the ‘traditional’ and the ‘encased’
design, as seen in Fig. 1b and c. The traditional design seeks to replicate
the standard design of CFI’s, involving coiled tubing wrapped around a
structure, and maintains a constant inner and outer diameter tube
throughout the whole of the flow route. This is fabricated primarily to
show how the SLA process can be used to print intricately designed re-
actors with a high level of accuracy. The encased design improves on the
original design, as it removes the necessity of a strictly defined wall
diameter and instead simply cuts the coiled flow route from a solid block
of material. This means coils can be more tightly pitched than the
traditional designs, as thin wall thicknesses, whilst still printable, make
for a brittle reactor.

2.2.3. Limitations - resolution, negative feature resolution and build volume
As with any manufacture process, there are inherent limitations. As
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already discussed, prints are limited by the build volume available on
the printers, however as material is placed further from the central
motors that drive the Z-movement of the printer, the success rate is
reduced, effectively limiting the build volume to around 80 % of the
total volume. Further to that, there is a lower limit imposed by the
resolution of the printer in the X-Y plane. This limit is driven by the pixel
size provided by the LCD screen within the printer, which is 50 x 50
microns. However, in practice, achieving a single pixel resolution re-
quires a lengthy tuning process and often a chemical modification to the
resin. The resolution can further vary depending on whether the aim is
to achieve a positive or negative feature, both of which are required in
the production of printed reactors. This, in combination with the post-
processing steps described later, ensure that the negative resolution
limit is more commonly between 500 and 1000 microns, providing the
smallest width flow route we can reliably print long channels of metres
in length (Heidt et al., 2020).

2.2.4. Post-processing

One aspect of printing reactors that is somewhat overlooked within
the literature is the post-processing of reactors printed using SLA, DLP
and LCD processes. The radical polymerisation process that is core to the
printing is only partially completed when the print is freed from the
build plate. Typical prints would then be exposed to a compressed air/
nitrogen purge and/or placed into a isopropanol solvent bath for
3-5 min to remove any additional uncured resin, prior to being moved
to a UV curing station that finishes the polymerisation process. The gas
purge was primarily used when internal channels were present. This was
because the process of clearing the channels becomes more complex due
to the possibility of clogging the flow route with uncured resin. Imme-
diately after printing, air/nitrogen was pushed through the reactor to
remove and recover as much uncured resin as is possible. Solvent was
then pushed through the internal channels, again to remove further
uncured resin, and the print was then placed into a solvent bath.

Q_ Tracer | pump
Tracer
tank
y W P
S
Water
tank

@ "
- J_ 1/4 teeq

D

Conductivity
probe flow cell

Outlet
tank
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Following that, the internal channels were filled with a residual mixture
of air/nitrogen, solvent and uncured resin and therefore still liable to
clog if exposed to UV light whilst un-monitored. As such, a cycle of
clearing the internal channels with air and water (ensuring the
contaminated water was soaked into a solid medium or contained and
left to cure in ambient UV), followed by short bursts of UV exposure
(60-180 s, depending on the size of the reactor, the longer the flow
channels the lower the exposure time), were carried out until the print
was dry to the touch.

2.3. Experimental measurements

Even though the theory of mixing inside a CFI reactor has been
documented and well-studied over the last few decades, experimental
measurement is still regarded as the most accurate way of quantifying
residence time distribution. As this work characterises small size 3D
printed reactors, many aspects of system design had to be considered to
minimise the measurement error and improve reading consistency.

2.3.1. Experimental setup and P&D

The experimental set-up is shown in Fig. 2. This set up consisted of
two feed vessels, one contained purified water (water tank) and the
other a NaCl solution (tracer tank), connected to a solenoid valve that
controlled which fluid entered the reactor (Rossi et al., 2017). Addi-
tionally, pressure indicators (PI1 and PI2) were used to detect potential
blockage in the system and a Bronkhorst flow metre measured the water
tank’s flow rate. Finally, the conductivity was measured at the outlet of
the reactor wusing a conductivity probe (Mettler Toledo
InPro7100i/12/120/4435) (Mohammadi and Boodhoo, 2012; Toledo,
2017) attached to a bespoke 3D printed flow cell.

Both water and tracer feed pumps were calibrated to dispense
identical flow rates. The tracer feed tank was prepared with 1 mol/L of
sodium chloride (Roth et al., 1999; Mora Orozco and Jones, 2014),

5 Bronkhorst _? 7
Y
<38

i
"
N
L\

Fig. 2. Schematic of the two-pump setup required to accurately measure the RTD of a CFI reactor. The parameters of the 3D printed reactor shown here are: d.

=10 mm, d; = 3.2 mm and p = 7.5 mm.
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thoroughly mixed and dissolved in purified water. The cycle started by
running purified water through the system to ensure the reactor was
primed and no air was trapped in the system. Fig. S7 shows conductivity
values vs time and covers the three main steps of the RTD measurement
process. This figure also contains a flowrate vs time plot that is used to
determine the exact time at which each step starts and ends.

In step 1, purified water is run through the system until the con-
ductivity is below 50 uS/cm. At this point, the solenoid valve switches
the fluid entering the reactor from water to tracer until the conductivity
reaches a maximum and constant value for at least 120 s (step 2). In step
3, the tracer pump is switched off and the water pump is put back online.
The system is then cleaned with purified water until the conductivity is
below a set standard (50 pS/cm).

The probes collected data every second via Mettler Toledo M800 and
NI Labview USB6212 (Toledo, 2013; Nationallnstruments, 2017) - this is
the maximum acquisition time advised by the probes’ manufacturers for
stable and noise-free reading. Mean residence times (z) are typically of
the order of hundreds of seconds, ensuring the error due to acquisition
time is usually 1 % or less. The maximum conductivity value can also
vary with repeat readings, however, this does not present an issue in the
experiments since the conductivity values were normalised.

2.3.2. Calculating R, of a single layer

For interpolation purposes, the data collected by the conductivity
probe was first smoothed out using a Savitzky-Goaly filter (Savitzky and
Marcel, 1964) (Iength of the filter window = 21 and polynomial order =
4) and then fitted to a cubic spline using Python 3 with the SciPy
module. An example is shown in Fig. 3, where the red dots represent the
experimental readings, and the dashed black line corresponds to the
cubic spline. Additionally, the vertical blue lines represent tso, and toso,
the times when F(t) = 0.05 and F(t) = 0.95, respectively. Using the 5 %
and 95 % times instead of 0.5 % and 99.5 %, as is also used in literature
to calculate R,, reduces the impact undesirable signal fluctuations
would have on the final R,, value. To minimise random errors, each run
was repeated 4 times. As evidenced in Table S3, the first measurement
usually exhibits slightly different results to the rest, likely due to minor
pressure differences between water and tracer lines or residual air
trapped in the system, and thus, it was not included in the calculation of
the averages or standard deviations.

2.3.3. Multi-Layer reactors

Experimental setup for the multi-layer RTD measurement contains 4
printed reactors. Final three layers separated by a conductivity probe, to
quantify R,, value changes throughout the flow route inside reactor. ESI

1.0
0.8 4
0.6 1
—_ ¢ T=57785s
£ i Rw = 0.676
0.4 1 +' RTD =23.075s
I
1
'
0.2 !
"
0.0 4 M
0 25 50 75 100 125 150 175 200
Time (s)

Fig. 3. Experimental F(t) curve. The red dots and the black dashed line
represent the measured values and the fitted cubic spline, respectively. The
vertical blue lines are tso, and tgsy, and the horizontal grey lines are F(t) = 0.05
and F(t) = 0.95.
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Fig. 7 shows schematic diagram shows location of conductivity probes
with respect to individual reactor layers.

2.4. CFI design optimisation

To demonstrate how the meta-models in this work can be incorpo-
rated into an optimisation routine, an objective was set to maximise a
reactor’s R,,. For this demonstration, we selected water as the carrier
fluid with a 1 M NaCl tracer and fixed the reactor volume and flowrate to
40.88 L and 2.5 L/min, respectively. Other constraints were also added
to assure to printability of the final design.

The optimisation algorithm was constrained to stay inside the meta-
models’ boundaries and the maximum number of layers was set to 8.
Additionally, the coil’s internal diameter was constrained to be larger
than 0.75 mm, by fixing the maximum Reynolds number accordingly,
and the coil’s diameter and length were forced to be lower than 20 mm
and 30 mm, respectively.

Two of the meta-models’ variables are continuous (number of layer
and number of turns) and two are discrete (internal diameter and coil
diameter). Consequently, a loop approach was used for the discrete
variables to obtain all combinations of these variables and then for each
of these combinations a steepest descent algorithm was used to find the
optimal continuous variables. Starting from the initial guess (Xy), a new
point (X;) was found by searching along the opposite direction of the
objective function’s gradient VF(Xp):

where t is the step length, and it determines the distance the algorithm
needs to move along the specified direction. The step length for each
iteration was found using 100 equidistant trial steps and selecting the
one that returned the lowest function value. This procedure was
repeated until either convergence was achieved with a tolerance of 108

or the maximum number of iterations was reached.
3. Results and discussion
3.1. CFD simulations of single-layer reactors and Meta-models

Out of the 300 simulations in the DoE, 15 failed to converge and thus,
the results shown in this section were obtained using 285 different CFI
setups. As can be seen in Fig. 4, simulated mean shear rate values are in
excellent agreement with Eq. (11), a theoretical equation found in (Berg
and van Wunnik, 2017):

16 u

3 D, a1

I

Furthermore, this Fig. Shows that Eq. (7) with the friction parameter
from Eq. (9) can be used to predict simulated pressure drops, and thus,
they can be used as a meta-model for this property.

3.1.1. Meta-model for simulated R,,

Simulated R,, values from 228 4-coil reactors obtained using H™ as
the tracer were used to train a multivariate adaptive regression splines
(MARS) model (Friedman, 1991; Friedman and Roosen, 1995). The
MARS model is a weighted sum of basis functions; where each basis
function is a constant, a linear function, a hinge function, or a combi-
nation of these elements. Hinge functions have the form max(0, x —knot)
or max(0,knot — x), where a knot is a constant that divides the param-
eter’s space of the input variable x. The MARS algorithm is able to
automatically determine the optimal number of basis functions and their
parameters to prevent overfitting and maximise accuracy. Additionally,
MARS allows the user to specify the maximum degree of interaction of
each term, and in this work, we have chosen a value equal to 2.

A test set of 57 points was used to assess the model’s performance,
and, as can be seen from Fig. 5, our model performs very well at
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predicting R,, with a RMSE equal to 0.007. However, it is important to
emphasise that this meta-model is only valid within the boundaries of
the input parameters (Re from 13.5 to 135.22, Dc/Di from 4.4 to 33 and
n, from 5 to 12).

The equation for this model is:

Ryam = 0.0008834 xX2+X3 + 6.024%10°%X2

*MAX(0, 33238 —X2)— 5823x10°

#X12 - 3423%10°+X1%X3 + 1.471%10°xX1
* MAX(0, 33.238 -X2)+ 5.230+*X1

+* MAX(0,X2 — 33.238)+ 0.001268

*X1 — 0.001141%X3%4+ 0.001035 % X3

* MAX(0, 33.238 —X2)— 0.004240

*MAX(0, 33.238 -X2)+ 0.6410

12)
where, X1 = Re, X2 = Dc/Di and X3 = n,.

3.1.2. CFD simulations with different fluids

The model can also be expanded to incorporate other ‘carrier’ fluids
that act as the background to the tracer. Again, the change in fluid
properties, such as kinematic viscosity, will have a direct impact on flow
properties such as the Reynolds number and therefore, affect the relative
width. Fig. 6 shows how a simple ratio between the kinematic viscosities
of the meta-model’s liquid and the new liquid can lead to predictable R,,
values, within some reasonable boundaries.

3.2. Correlation between experimental and CFD measurements

Comparison of simulated and experimental data is required to
establish the relationship between the two models. Fig. 7 shows that
experimental and simulated data follow a very similar trend with respect
to T*, however, there is a systematic offset between the two datasets.
This offset can be accounted for by a combination of:

o Conductivity Probe measures within error limits + 5 %. Each probe
needs to be integrated into the system which adds additional tubing
and system volume. This, in effect, will increase the residence time
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Fig. 6. RMSE between R,, values simulated using the MM’s fluid and other
fluids (negative sign was included for fluids with an x value lower than one).
The x axis is the ratio between the kinematic viscosity of the MM’s fluid (v =

3.6 10°° m?/s) and that of the new fluid. The red circle does not follow the
same trend as the rest, and thus, it was not included during the fitting of the
curve or in the R2 score.
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slightly and show lower performance (i.e. lower R, values)
compared to an ideal system.

COMSOL simulation considers ideal reactor geometry. It measures
mixing precisely from inlet to the outlet without considering addi-
tional volumes. The simulation does not take into account wall-fluid
and wall-tracer intermolecular interactions which could be relevant
due to the size of our reactors. Lastly, the simulation has been done
using different tracer and concentrations which will have an effect on
the resulting diffusion.

The CAD model and printing materials used for producing reactors
for experimental testing also have an effect, compared to the ideal-
ised model used in simulation. The curing process is essential for
producing stable geometries, however overcuring can take place and
internal channels could easily be up to ~ 5 % smaller than the CAD
model. Surface roughness can vary across the length of a coil, due to
the varying angle of incidence between the outside walls and the
printing layer orientation. Lastly, post curing 3D printed resin will
have a different surface finish to conventional tubing and this would
not be captured in the simulation, which assumes there is no inter-
action with the internal walls.

3.3. Predicting experimental values

Simulated and experimental values were obtained using the same
fluid (water) but different tracers. CFD calculations used H' cations with
a concentration of 0.25 mol/m?, while experimental results were ob-
tained using a 1 M NaCl solution. Based on CFD simulations, R,, depends
on the tracer’s diffusion constant and the ratio between R,, values
simulated using different tracers can be fitted to an exponential equation
of the form y = Ae®®¢ + 1, where A and B are fitting coefficients and Re
is the Reynolds number. Eq. (13) was fitted using 22 experimental values
(Fig. S12).

RW,COMSOL

Ryexp = 0.375 e 000698Re | ] 3

As can be seen in Fig. 8, correcting the meta-model’s predictions
using Eq. (13) improves agreement with experimental data. A plot with
the RMSE of the predictions can be found in the Supporting information
(Fig. S13).

3.4. Meta-model for R,, of multilayer reactors

It has been observed that t,, and 62 scale linearly with the number of
reactors connected in series (Parker et al., 2018). Therefore, the relative
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width of the nth layer (R, ») can be predicted from a single-layer’s tracer
response if it is assumed that it follows a gaussian distribution and that
tmn = Nty and 6, = /no:

(A= Ry1)

R, — n- \/H (I+  Ryi) 14)
w.n (- Ryi)
nt VR

Predicted R, values obtained using Eq. (13) are in very good
agreement with simulated values of a 10-layer reactor with a RMSE of
0.002, as shown in Fig. 9. The full derivation of this equation can be
found in the SI.

3.5. Experimental Measurements of Multi-layer Reactors

Fig. 10 compares experimental vs predicted R, values of three
multilayer reactors run at different flowrates. These reactors are referred
as Reactor 2, Reactor 3 and Reactor 4 and the dimensions of Reactor 2
can be found in the Supporting information (Table S4).

R, values for the first layer were obtained by testing each layer as a
separate single-layer reactor and then calculating the average and
standard deviation. Experimental values of the reactors tested at flow-
rates equal to 2.5 ml/min and 3.7 ml/min fall within the 95 % interval
of confidence of the predictions, except for the 4th layer of Reactor 2
that is slightly overpredicted. On the other hand, experimental values
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Fig. 9. R, value against the number of layers in the final CFI reactor. The black
dashed curve corresponds to the theoretical equation for R, after n layers
(Eq. (13)).
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obtained using a flowrate of 7.4 ml/min do not follow the expected
trend and are over predicted by Eq. (13). Therefore, extra measurements
were carried out (represented using a different colour and marker), and
it was noticed that some measurements were not consistent between the
different repeats, especially for Reactor 3. This could be due to the
location of the layers, since not all the layers had the same performance
when tested separately, or the accuracy of the different probes. Further
testing is needed to assess the performance of Eq. (13) at different
flowrates and conditions.

3.6. Optimised reactor

Fig. 11 shows the reactor obtained using the optimisation routine
explained in Section 2.4. This construct, from now on called Reactor 6,
consists of 8 identical 3D printed layers and its parameters can be found
in Table S4. This table also contains information about Reactor 2 since
this reactor has the same volume and flowrate as Reactor 6. Like pre-
vious multi-layer reactor tests, each individually printed layer was
tested as a single layer to ensure each layer was comparable and any
deviations caused by fabrication defects could be excluded (Fig. S19). In
testing, the optimised reactor performs better than Reactor 2 with a R,
value of 0.82 +/- 0.02 compared to 0.807 +/- 0.01 for Reactor 2. In
comparison of the design parameters, this has been achieved by reduced
the internal diameter, coil diameter and pitch, but increasing the num-
ber of turns and layers to maintain the same total volume.

4. Conclusions

This work demonstrates the potential of adaptive design to
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streamline the development of optimised reactor geometries, enhancing
chemical production efficiency towards net-zero and environmental
sustainability goals. Using the coiled flow inverter as a case study, we
validated and optimised reactor performance through a combination of
flow analysis, scaling, 3D printing, and experimental testing, supported
by COMSOL CFD simulations. Our findings reveal that single-layer
mixing performance correlates with anticipated improvements in
multilayer designs, allowing us to derive an equation to estimate
multilayer reactor efficiency based on single-layer data.

We developed an adaptive design model incorporating a meta-model
for single-layer data and applied our derived equation to predict per-
formance across multilayer reactor configurations. This enables process
designers to select optimal constructs based on process constraints.
Additionally, the adaptive design framework supports parametric cus-
tomisation of the CFI reactor, allowing users to control key parameters
and generate ready-to-print 3D geometries.

Our universal adaptive design workflow integrates high-fidelity CFD
simulation and experimental data, offering a robust tool for designing
and selecting high-performance, application-specific reactors.
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