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Digital Twin

DataFactory MicroFactory

Digital Twin

• The CMAC Digital Twin for medicines development and manufacture incorporates the data, 
models and knowledge that describe the materials, products, and processes delivering the 
required product attributes.

• The CMAC Digital Twin system is built on a foundation of data, both experimental and simulated.
• Knowledge gathered within CMAC DataFactories, driven by QbDD workflows, populates the 

Digital Twin databases. These structured data enable process design and control strategy 
development resulting in transfer to right first time operation in MicroFactory test beds.

Figure 1: The CMAC Quality by Digital Design 
(QbDD) Workflow

Figure 2: High level representation of how the Digital Twin sits on top of both the DataFactory and the MicroFactory.  
The Digital Twin requests data from the DataFactory which is then extracted, transformed and loaded (ETL) into Digital 
Twin databases.  These data are then used to help optimise the digital design of the process and in turn operation in 
MircoFactory testbeds.  MicroFactory data are then returned to the Digital Twin to increase the CMAC knowledge base.  

Digital Twin App

• A mobile phone and tablet-based application has been prototyped
• Allows quick and easy exploration of MicroFactory test bed data.
• Currently using pre calculated global system analysis (GSA) data 

from the mefenamic acid project
• Future plans to incorporate additional modelling data,  

laboratory data and data from other projects
• User can adjust key parameters and instantly visualise how this 

effects property attributes and product performance.

App Download

Download the Digital Twin App for Android
• Go to your Android Settings > Apps & Notifications.
• Select Advanced or the three dots at the top-right corner
• Select Special App Access.
• Choose Install Unknown Apps.

Figure 3: Screenshots of the Digital Twin App.  The home 
screen and a view of the four unit operations that make up 
the mefenamic acid microfactory.

Parameter Options Values
Mill Speed 3 3,000, 6,900, 

23,000 rpm 
Feed solution mass 

flow rate 3 5,10,15 g/min

Agitation rate 
(MSMPR vessels)

243 
(3 values, 5 stages) 100, 300, 500 rpm

Temperature 
(MSMPR vessels)

35 
(across vessels 2-4)

55, 50, 45, 40,
35, 30, 25 °C

Table 1: Variables within the GSA calculation.  A total of 76,545 calculations. Total 
computational time , at roughly 10 minutes per calculation, is roughly 530 days.

Mechanistic Modelling of Spherical 
Agglomeration Processes

Bilal Ahmed, Omid Arjmandi-Tash, Rachel M. Smith, James D. Litster*
Particle Technology Group, Department of Chemical & Biological Engineering, The University of Sheffield, UK

EPSRC CMAC Future Manufacturing Research Hub, UK
b.ahmed@Sheffield.ac.uk

Compound (primary particles): Lovastatin
Bridging liquid = 4-methyl-2-pentanone, Dispersed (mother) liquid = Water

Raw material Spherical agglomerates

1. O. Arjmandi-Tash, et al. Chem. Eng. Sci. X (2019).
2. A.F. Blandin, et al. Powder Technol. 156 (2005) 19-33.
3. F. Perciballi. PhD Thesis, University of Strathclyde (2018).

References:
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Bridging 
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solid ratio
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(-)
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(RPM)

Measured Predicted

d10
(μm)
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(μm)

d90
(μm)

d10
(μm)

d50
(μm)

d90
(μm)

A 0.93 850 20.9 70.1 635 24.3 49.4 543.5
B 0.70 850 20.5 62.9 333 24.2 48.9 352.4
C 0.93 550 18.5 57.0 136 23.8 47.2 112.1

1-D population balance model has been developed and showed good 
agreement with experimental results for an agglomeration in suspension 
technique.

The model includes key mechanisms and predicts primary 
particle/agglomerate size and size distributions and agglomerate liquid volume 
fraction.

Motivation
Spherical agglomeration is a particle formation technique which improves 
problematic particle shapes, increases the particle size and enhances 
downstream powder processing.

The aim is to develop and to 
investigate a new process model for
predicting agglomerate attributes 
during an immersion mechanism.

Key mechanistic rate 
processes are outlined and
included within a population 
balance framework.

Mathematical Model Framework
Governing 1-D population balance equation:

𝜕𝜕𝜕𝜕𝑛𝑛𝑎𝑎(𝑥𝑥, 𝑡𝑡)
𝜕𝜕𝜕𝜕 + 𝜕𝜕𝜕𝜕[𝐺𝐺(𝑥𝑥, 𝑡𝑡)𝑛𝑛𝑎𝑎(𝑥𝑥, 𝑡𝑡)]
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= ሶ𝑄𝑄𝑖𝑖𝑖𝑖𝑛𝑛𝑎𝑎,𝑖𝑖𝑖𝑖 − ሶ𝑄𝑄𝑒𝑒𝑒𝑒𝑛𝑛𝑎𝑎,𝑒𝑒𝑒𝑒 + 𝑉𝑉[ ሶ𝑏𝑏𝑎𝑎,𝑛𝑛𝑛𝑛𝑛𝑛 𝑥𝑥 + ሶ𝑏𝑏𝑎𝑎,𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑥𝑥 − ሶ𝑑𝑑𝑎𝑎,𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑥𝑥 ]
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𝑖𝑖𝑖𝑖 𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨 𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕 < 𝟏𝟏
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ሶ𝐿𝐿𝑖𝑖𝑖𝑖,𝑝𝑝𝑛𝑛𝑑𝑑 𝑥𝑥, 𝑡𝑡

𝑉𝑉𝑑𝑑
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ሶ𝑏𝑏𝑎𝑎,𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑣𝑣, 𝑡𝑡 = 1
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𝐾𝐾(𝑣𝑣′, 𝑣𝑣 − 𝑣𝑣′, 𝑡𝑡)(𝑛𝑛 𝑣𝑣′, 𝑡𝑡 𝑛𝑛 𝑣𝑣 − 𝑣𝑣′, 𝑡𝑡 𝑑𝑑𝑑𝑑′

ሶ𝑑𝑑𝑎𝑎,𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑣𝑣, 𝑡𝑡 = න
0
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)𝐾𝐾 𝑣𝑣, 𝑣𝑣′, 𝑡𝑡 = 𝐾𝐾(𝑖𝑖, 𝑗𝑗, 𝑡𝑡) = 𝑓𝑓(𝑖𝑖, 𝑗𝑗, 𝑡𝑡)𝑒𝑒𝑒𝑒𝑒𝑒(𝑖𝑖, 𝑗𝑗, 𝑡𝑡

𝑓𝑓 𝑖𝑖, 𝑗𝑗, 𝑡𝑡 =𝛼𝛼(𝑖𝑖, 𝑗𝑗, 𝑡𝑡) 𝜋𝜋4 (𝑥𝑥𝑖𝑖 + 𝑥𝑥𝑗𝑗)2 𝑢𝑢(𝑥𝑥𝑖𝑖)2 + 𝑢𝑢(𝑥𝑥𝑗𝑗)2
Τ1 2

𝑖𝑖𝑖𝑖 𝑓𝑓𝑎𝑎𝑎𝑎𝑎(𝑖𝑖, 𝑗𝑗, 𝑡𝑡) ≥ 𝑓𝑓𝑠𝑠𝑠𝑠𝑠𝑠(𝑖𝑖, 𝑗𝑗, 𝑡𝑡)

𝑒𝑒𝑒𝑒𝑒𝑒 𝑖𝑖, 𝑗𝑗, 𝑡𝑡 = 𝑓𝑓𝑎𝑎𝑎𝑎𝑎(𝑖𝑖, 𝑗𝑗, 𝑡𝑡)
𝑓𝑓𝑠𝑠𝑠𝑠𝑠𝑠(𝑖𝑖, 𝑗𝑗, 𝑡𝑡)

− 1

= 𝐶𝐶𝑒𝑒𝑒𝑒𝑒𝑒

𝑑𝑑𝑑𝑑𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚 𝑖𝑖, 𝑗𝑗, 𝑡𝑡
Τ𝐷𝐷𝑝𝑝 2

2
1 − 𝜑𝜑 𝑡𝑡 𝐹𝐹𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏

𝑥𝑥𝑖𝑖2 + 𝑥𝑥𝑗𝑗2
𝑥𝑥𝑖𝑖3 + 𝑥𝑥𝑗𝑗3

𝜌𝜌𝐿𝐿 𝜀𝜀 𝑥𝑥𝑖𝑖 + 𝑥𝑥𝐽𝐽
ൗ2 3 𝑥𝑥𝑖𝑖2

− 1

𝑖𝑖𝑖𝑖 𝑓𝑓𝑎𝑎𝑎𝑎𝑎(𝑖𝑖, 𝑗𝑗, 𝑡𝑡) < 𝑓𝑓𝑠𝑠𝑠𝑠𝑠𝑠(𝑖𝑖, 𝑗𝑗, 𝑡𝑡): 𝑒𝑒𝑒𝑒𝑒𝑒(𝑖𝑖, 𝑗𝑗, 𝑡𝑡) = 0

Bridging liquid addition and agglomerate nucleation:

Consolidation and growth of agglomerates by layering:

Growth of agglomerates by coalescence:

There is a great need for mechanistic understanding and modelling
concerning the fundamental rate processes and controlling parameters.

Case Study

Population Balance Results
Sensitivity analysis

Profiles showing the average agglomerate liquid volume fraction, φavg & median particle size D50 over 
time; (b) mass fraction, Mf  for non-agglomerated and agglomerate particles over time. BL: bridging liquid.

Model performance

Particle size distribution for lovastatin spherical agglomeration experiments, A-C, comparison between 
predicted model results and experimental data.

Global systems analysis

Conclusions
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