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Loss-in-weight 
powder feeder(s)

Liquid 
addition

Modular screw configuration resulting in shear environment changes:
- mixing
- various rate processes of wet granulation

shaping final granule characteristic distribution
(size, shape, moisture content, strength,...)
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 Process understanding is limited

 Mechanistic models: 
— Develop mechanistic understanding of the functional role of individual

screw elements on different granulate CQA’s

 Population Balance Modelling (PBM): Mechanistic description of particulate 
system undergoing size change mechanisms

 1-dimensional PBM: Granule size distribution (GSD) during TSG

 Multi-dimensional PBM: tracking GSD in combination with granule CQA’s 
(porosity, moisture distribution, etc.) of each size class 

Case study 1 - TSG



 State-of-the-art modeling methodology: Experimental data only collected at 
granulator outlet

— No experimental information about granule formation along length of 
granulator barrel

— Difficult/impossible to calibrate PBM adequately 

 Solution: Compartmental “multi-dimensional” PBM
— Granulator considered as series of individual blocks/modules
— Track particle size/porosity/moisture dynamics along length of 

granulator barrel

Role of individual blocks can be understood
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1st liquid addition port
2nd liquid addition port
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µm

• Zone 1
• Less bimodality, more wetted material

• Zones 3
• Less fines layering
• more oversized  coalescence

• Zone 5
• Consolidation & densification

• Zone 6
• Limited change
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Case study 1 - TSG
- New kernel developed based on experimental observations, which can

predict both mono-modal and multi-modal distributions

- Breakage not needed in wetting zone bimodality caused by lack of 
aggregatation due to limited liquid (binder) availability



Case study 1 - TSG

Future perspectives:
- Development of generic twin-screw granulation model
- Upgrade PBM models allowing the prediction of other granule quality 

attributes (such as porosity/density) besides particle size
- Up-scaling/down-scaling

Through pre-competitive consortium: academia & industry

Modeling conclusions:
- Reasonable fits for all zones
- Sound calibration based on unique PAT data; high predictive power
- Fast calculation: ideal for scenario analysis
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Case study 1 - TSG
Monitoring of L/S ratio



Case study 1 - TSG



18

Case study 1 - TSG



19

Case study 1 - TSG

»

»



20

Case study 1 - TSG



21

Continuous Direct Compression
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Continuous Direct Compression
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Continuous Direct Compression
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Continuous Direct Compression
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Continuous Direct Compression



Virtual Twin



Outline

Case study I: continuous tablet manufacturing via TSWG
• PAT for process understanding & process modeling
• PAT for process monitoring & control

Case study II: pharmaceutical suspension manufacturing
• Model based PAT implementation

Case study III: continuous freeze-drying
• Model based design of innovative pharmaceutical

manufacturing processes

27



Outline

Case study I: continuous tablet manufacturing via TSWG
• PAT for process understanding & process modeling
• PAT for process monitoring & control

Case study II: pharmaceutical suspension manufacturing
• Model based PAT implementation

Case study III: continuous freeze-drying
• Model based design of innovative pharmaceutical

manufacturing processes

28



CFD model based NIR spectroscopy implementation for in-line assay monitoring of 
a pharmaceutical suspension

Model based PAT implementation

• High dose (100 mg/mL) suspension
• Manufactured at full scale

‣ 150 L compounding vessel
‣ One-pan process
‣ Gradually discharged to a bottle filling system

‧ Peristaltic flow

filling line

NIR



CFD model based NIR spectroscopy implementation for in-line assay monitoring of 
a pharmaceutical suspension

Model based PAT implementation



• Recirculation zone at entrance T-piece
• Flow not yet fully stabilised into laminar flow profile at NIR sensor location
• Solution: extend T-piece to ensure fully developed laminar paraboloidal flow profile

‣ Hydrodynamic entry length , = 0.05 × × ×

‒ = Reynolds number [ - ]
‒ = diameter circular tube [m]
‒ = safety factor [ - ]

CFD model based NIR spectroscopy implementation for in-line assay monitoring of 
a pharmaceutical suspension

Model based PAT implementation

PAT sensor Recirculation 
zones



• Recirculation zone at entrance T-piece
• Flow not yet fully stabilised into laminar flow profile at NIR sensor location
• Solution: extend T-piece to ensure fully developed laminar paraboloidal flow profile

‣ Hydrodynamic entry length , = 0.05 × × × = 0.1643 m = 16.43 cm
‒ = Reynolds number = 43.8
‒ = diameter circular tube = 0.025 m
‒ = safety factor = 3

CFD model based NIR spectroscopy implementation for in-line assay monitoring of 
a pharmaceutical suspension

Model based PAT implementation

PAT sensor Recirculation 
zones



CFD model based NIR spectroscopy implementation for in-line assay monitoring of 
a pharmaceutical suspension

Model based PAT implementation



CFD model based NIR spectroscopy implementation for in-line assay monitoring of 
a pharmaceutical suspension

Model based PAT implementation
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- large molecules considered key driver of growth in pharma industry

- over 300 FDA and EMA approved biopharmaceutical products

- + 50% freeze-dried

- freeze-drying preferred way of stabilizing biopharmaceutical drug products

Case study 3 – Continuous Freeze-Drying



low temperature drying process to convert solutions of (heat-) labile
materials into solids having sufficient stability

Pharmaceutical Batch Freeze Drying
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Lab scale freeze-dryer
1. Drying chamber

- vials to be freeze-dried on shelves
- shelf temperature is controlled  
- chamber pressure is controlled

2. Condensor

only 2 process settings

CQA’s freeze-dried product:
(i) API state and stability 
(ii) residual moisture content
(iii) freeze-dried product cake structure
(iv) reconstitution time

Pharmaceutical Batch Freeze Drying



1. High production cost
- large equipment with high operational, maintenance and energy costs
- high standards of cleanliness and sterility

2. Time-consuming (> 7 days)

3. Up-scaling  re-optimisition and validation

4. Impaired quality
- freezing step is uncontrolled
- unefficient & uneven heat transfer  
 variability in sublimation rate
 vial-to-vial product variability (in conflict with FDA/EMA guidelines)

- no monitoring and control at vial level

5. No flexibility 
- batch freeze-dryer validated for fixed amount of vials
- time gap between upstream processing and start of freeze-drying too long
- handling equipment before and after freeze-drying continuous

Pharmaceutical Batch Freeze Drying



Aim & concept

• Spin-freezing to create thin layer + large surface area

• Separate process modules, separated by load-locks

• Extensive implementation of PAT tools to assure process control

• Scale-up through multiplication

confidential 41

To develop & validate a continuous and controlled freeze-drying technology for unit doses



Opportunity

Sublimation front moves from inside the vial towards PAT tool



Thermal imaging

Temperature gradient over glass wall
and ice layer can be calculated: 0,5°C



Single Vial Continuous Freeze-Dryer



Engineering Prototype



Prototype – GMP
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General Conclusions

- Manufacturing innovation crucial for future healthcare system

- Towards model-based design of flexible manufacturing equipment
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