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• Transitioning from batch to continuous process requires 
measurement techniques that are fast responding

• Importance of interface between reactor and measurement probes
• Minimising the connection tubing and dead zones for tracer 

accumulation
• Size of the reactors is limited by 3D printer’s build platform
• Dimensional scaling approach proven to be suitable for reactor 

testing

• Over 50 experimental data points collected to feed into Machine 
Learning model

• Robust data processing system developed to handle sensitive 
recorded data

• Successful characterisation of single layer and multi layer reactors to 
obtain Rw

• Accuracy of measurement on small scale beneficial to the full size 
system

• Test additional multilayer designs
• Design probe holder integrated into 3D 

printed multi-layer reactor construct
• Minimise experimental variance
• Translate methodology to alternative reactor 

designs

• Experimental tests are used for characterising reactor performance,
• Different geometrical features of the reactor (internal diameter, coil 

diameter, number of turns and layers) will have a different effect on 
the mixing

• Systematic study is required to establish relationship between 
geometrical properties and resulting residence time distribution

• By adapting online measurement we are able to experimentally 
measure and rank reactor performance

PID & sensor integration

• MilliQ water and Tracer (NaCl) run in parallel fluid loops (1-6)
• Identical pumps, tubing and flow rates are used on both lines
• SV1 is solenoid valve that alternates water and tracer line
• Flow Rate measurement is only on the MilliQ water side

• Minimising flow-cell volume
• Angle of tracer feed to the 

probe
• Pulse response time 

improvement from (A) to (B)

Testing methodology

𝑅𝑅𝑤𝑤 = 𝜃𝜃005
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Multilayer testing Multilayer results
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• Training the machi

• Multilayer testing is analogous to 
single-layer procedure

• 3 conductivity probes are installed 
after layer 2, 3 and 4

• In separate tests each of the 4 
layers was tested as single unit as 
described in Testing Methodology.
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1. Step signal from MilliQ water to tracer. 

Actuation time marked by flowrate time 
(orange). Test repeated 4 times

2. Each step fitted with continuous 
function. Rw (0.00 – 1.00) presents 
speed of response where 1 is perfect 
step input.

3. Each step analysed with standard 
deviation and average of 3 readings 
used as reactor performance figure.

• Maximum conductivity 
value does not match 
between probes. Data is 
normalised because 
time of rise is of 
importance.

3. Parameter Estimation

4. Design Space Exploration
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o Wet milling overcomes several common issues encountered with dry milling,

including:

o Undesired polymorphic and amorphous transformations

o Loss of yield and process control

o Increased energy cost

o The aim of this work is to explore the region of attainable particle sizes based on

the performance of a wet milling model, focusing on:

o Development of a mechanistic model from initial small-scale experiments

o Design space exploration to assess the quality attributes and suggest further

experimental work with a view to make the model more robust

6. Conclusions & Next Steps

o Breakage kinetics showed reasonable predictability for end-point particle size

distribution, with the predictions being within 10 µm for all quantile measurements

o All experiments used for validation were done with the same mill configuration and

very minimal rotation rate differences. A deeper dive into the experimental data

showed that this configuration led to very fast breakage rates

o The estimated parameters however were used to explore the design space and

suggest further experimental work for better kinetic parameter estimation and

validation

2. Mechanistic Model – Wet Mill

o A mechanistic model was developed using gFP to describe a wet mill-stirred tank

recycle set up.

o Model validation within gFP was conducted to estimate relevant breakage kinetics

for a fine rotor configuration and varying rotational speeds

o Design space exploration on the validated model showed that the rotor speeds

used would have resulted in very fast breakage rates.

o This information has been used to guide further experimental work – at lower

rotational speeds and a different rotor configuration – to revalidate the existing

model and make it more robust and descriptive of the process behaviour
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1. Introduction

o Two different scenarios were explored in this activity:

o Different rotational speeds

o Different rotor configurations (coarse, medium or fine)

o The results showed that the rotational speed has a great effect on the breakage

rate, as expected.

o However, the results were also able to identify the time when a minimum

particle size is reached at different rotational speeds

o 3000-9000rpm – gradual decrease in particle size over time, takes up to an

hour. Sampling in this range can provide more information on breakage kinetics

o >9000rpm – rapid decrease in particle size, where minimum size is reached

within 20 minutes

o Lab setup included a wet mill in recycle with stirred tank, which was replicated in

the model developed using gPROMS FormulatedProducts (gFP)

o Experiments were run with a fine wet mill with 3 rotor-stator rows, and these were

used to validate the breakage kinetics
o The model was not able to distinguish between different rotor configurations

since it was utilised for initial model validation

o This information was used to guide further experiments with a coarse mill

configuration, in order to get a richer data set and eventually achieve a more

robust model and suitable equipment correlation to link breakage kinetics to

operating conditions & configuration of the rotor-stator wet mill
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