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Introduction



Spray freeze-drying – What and why?
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What is spray freeze-drying? 
Why? 

Solution 
feed Atomizer

Droplets

Liquid 
nitrogen

Frozen 
particles 

in vial

Dried
particles

Vacuum 
chamber

To increase the shelf life of 
(biopharmaceutical) 

products that are:

• Unstable in 
liquid solution

• Sensitive to high 
temperatures



Spray freeze-drying – A multiscale and multiphysic problem
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Multiphysic

Heat transfer

Pseudo-homogeneous model 
with diffused interface

Ice crystals

Solid 
excipientEmpty pores

Particles

Empty space
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Modelling



Modelling – Macroscale
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Heat transfer2D - axisymmetric

Radiation from 
shelf above

Conduction from 
shelf below

Insulation

Cascade 
radiation

from vial top

−𝐧𝐧 � −𝑘𝑘𝑏𝑏𝑏𝑏𝑏𝑏∆𝑇𝑇𝑏𝑏𝑏𝑏𝑏𝑏 = 𝐾𝐾𝑣𝑣′ 𝑇𝑇𝑠𝑠𝑠𝑏𝑏𝑠𝑠𝑠𝑠 − 𝑇𝑇𝑏𝑏𝑏𝑏𝑏𝑏

𝐾𝐾𝑣𝑣′ = 𝐴𝐴1 +
𝐴𝐴2𝑃𝑃𝑐𝑐

1 + 𝐴𝐴3𝑃𝑃𝑐𝑐

−𝐧𝐧 � −𝑘𝑘𝑏𝑏𝑏𝑏𝑏𝑏𝛻𝛻𝑇𝑇𝑏𝑏𝑏𝑏𝑏𝑏 = 𝜎𝜎 𝜀𝜀𝑣𝑣𝑣𝑣𝑣𝑣𝑠𝑠,𝑟𝑟𝑣𝑣𝑏𝑏𝑇𝑇𝑣𝑣𝑣𝑣𝑣𝑣𝑠𝑠4 − 𝜀𝜀𝑏𝑏𝑏𝑏𝑏𝑏,𝑟𝑟𝑣𝑣𝑏𝑏𝑇𝑇𝑏𝑏𝑏𝑏𝑏𝑏4

𝛻𝛻𝑇𝑇 = 0



Modelling – Macroscale
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Heat transfer

𝜌𝜌𝑏𝑏𝑏𝑏𝑏𝑏𝑐𝑐𝑝𝑝,𝑏𝑏𝑏𝑏𝑏𝑏
𝜕𝜕𝑇𝑇𝑏𝑏𝑏𝑏𝑏𝑏
𝜕𝜕𝑡𝑡

= 𝛻𝛻 𝑘𝑘𝑏𝑏𝑏𝑏𝑏𝑏𝛻𝛻𝑇𝑇𝑏𝑏𝑏𝑏𝑏𝑏 − 𝑐𝑐𝑝𝑝,𝑔𝑔𝑣𝑣𝑠𝑠 𝛻𝛻 𝐍𝐍𝑡𝑡𝑇𝑇𝑏𝑏𝑏𝑏𝑏𝑏 + �̇�𝑄

2D - axisymmetric

Accumulation Conduction Convection Generation

Linear combination of 
frozen, dried and empty 

domains

Total mass flow
(inert + water vapor)
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Heat transfer

�̇�𝑄 = −𝐺𝐺𝑤𝑤∆𝐻𝐻𝑠𝑠𝑀𝑀𝑤𝑤

𝜌𝜌𝑏𝑏𝑏𝑏𝑏𝑏𝑐𝑐𝑝𝑝,𝑏𝑏𝑏𝑏𝑏𝑏
𝜕𝜕𝑇𝑇𝑏𝑏𝑏𝑏𝑏𝑏
𝜕𝜕𝑡𝑡

= 𝛻𝛻 𝑘𝑘𝑏𝑏𝑏𝑏𝑏𝑏𝛻𝛻𝑇𝑇𝑏𝑏𝑏𝑏𝑏𝑏 − 𝑐𝑐𝑝𝑝,𝑔𝑔𝑣𝑣𝑠𝑠 𝛻𝛻 𝐍𝐍𝑡𝑡𝑇𝑇𝑏𝑏𝑏𝑏𝑏𝑏 + �̇�𝑄

2D - axisymmetric

Accumulation Conduction Convection Generation

Latent heat of 
sublimation

Water molecular 
weight

Sublimation 
rate

Linear combination of 
frozen, dried and empty 

domains

Total mass flow
(inert + water vapor)



Modelling – Macroscale
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Mass transport2D - axisymmetric

𝜕𝜕 𝜀𝜀𝑟𝑟𝑏𝑏𝑠𝑠𝐶𝐶𝑤𝑤
𝜕𝜕𝑡𝑡

= −𝛻𝛻𝐍𝐍𝑤𝑤 + 𝐺𝐺𝑤𝑤

Accumulation

Convection

Generation

𝑐𝑐𝑤𝑤 =
𝑝𝑝𝑐𝑐𝑠
𝑅𝑅𝑇𝑇
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Mass transport2D - axisymmetric

𝜕𝜕 𝜀𝜀𝑟𝑟𝑏𝑏𝑠𝑠𝐶𝐶𝑤𝑤
𝜕𝜕𝑡𝑡

= −𝛻𝛻𝐍𝐍𝑤𝑤 + 𝐺𝐺𝑤𝑤

Accumulation

Convection

Generation

𝐺𝐺𝑤𝑤 =
𝑝𝑝𝑣𝑣𝑐𝑐𝑏𝑏0 𝑇𝑇
𝑅𝑅𝑇𝑇

− 𝐶𝐶𝑤𝑤 𝑣𝑣

Equilibrium 
concentration

Instantaneous 
concentration

Kinetic 
parameter

𝑐𝑐𝑤𝑤 =
𝑝𝑝𝑐𝑐𝑠
𝑅𝑅𝑇𝑇
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Mass transport2D - axisymmetric

𝜕𝜕 𝜀𝜀𝑟𝑟𝑏𝑏𝑠𝑠𝐶𝐶𝑤𝑤
𝜕𝜕𝑡𝑡

= −𝛻𝛻𝐍𝐍𝑤𝑤 + 𝐺𝐺𝑤𝑤

Accumulation

Convection

Generation

𝐺𝐺𝑤𝑤 =
𝑝𝑝𝑣𝑣𝑐𝑐𝑏𝑏0 𝑇𝑇
𝑅𝑅𝑇𝑇

− 𝐶𝐶𝑤𝑤 𝑣𝑣

Equilibrium 
concentration

Instantaneous 
concentration

Kinetic 
parameter

𝐶𝐶𝑣𝑣𝑐𝑐𝑏𝑏,𝑠𝑠𝑠𝑠𝑏𝑏 = �
0

𝑡𝑡
𝐺𝐺𝑤𝑤𝑑𝑑𝑡𝑡

𝑆𝑆 = 1 −
𝐶𝐶𝑣𝑣𝑐𝑐𝑏𝑏,𝑠𝑠𝑠𝑠𝑏𝑏

𝐶𝐶𝑣𝑣𝑐𝑐𝑏𝑏,0

Ice saturation

The integral of the sublimation 
rate gives the total sublimated ice

Index of drying progression

𝑐𝑐𝑤𝑤 =
𝑝𝑝𝑐𝑐𝑠
𝑅𝑅𝑇𝑇



Modelling – Microscale
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To calculate the 
kinetic parameter:

Single-particle simulation

Frozen 
domain

Dried 
domain

Moving 
interface

Transport in porous 
media solved as 

Darcy flow

7/13



Modelling – Microscale
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𝑣𝑣𝑠𝑠 =
∯𝐧𝐧𝑣𝑣𝑖𝑖𝑡𝑡 � 𝐍𝐍𝑤𝑤,𝑣𝑣𝑖𝑖𝑡𝑡𝑑𝑑𝑆𝑆𝑣𝑣𝑖𝑖𝑡𝑡
𝑝𝑝𝑣𝑣𝑖𝑖𝑡𝑡
𝑅𝑅𝑇𝑇𝑣𝑣𝑖𝑖𝑡𝑡

− 𝑃𝑃𝑐𝑐
𝑅𝑅𝑇𝑇𝑟𝑟=𝑅𝑅0

𝑀𝑀𝑤𝑤𝑉𝑉𝑟𝑟𝑏𝑏𝑠𝑠

Single-particle simulation

Frozen 
domain

Dried 
domain

Moving 
interface Sublimation flux over 

the whole interface

Water concentration 
at the interface

Water concentration 
outside the particle

Reference 
volume

Transport in porous 
media solved as 

Darcy flow

To calculate the 
kinetic parameter:

7/13



Modelling – Microscale
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• Porosity
• Tortuosity
• Permeability
• Pore size

Experiments Generation of packed 
bed geometry Simulations

From SEM images, 
obtain the particle 
size distribution

From simulations of the 
packed bed, obtain the 

bed descriptors

To obtain:



Simulations – Case studies
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5% mannitol solution
60kHz ultrasonic atomizer

Feed: 5ml/min

• 𝜀𝜀𝑏𝑏𝑏𝑏𝑏𝑏 = 0.39 -
• 𝜏𝜏 = 1.33 -
• 𝐵𝐵0,𝑏𝑏 = 1.12∙10-11 m2

• 𝑑𝑑𝑝𝑝𝑝𝑝𝑟𝑟𝑏𝑏,𝑏𝑏= 19.5 μm



Simulations – Case studies
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X = 30-100-1000

5% mannitol solution
60kHz ultrasonic atomizer

Feed: 5ml/min

• 𝜀𝜀𝑏𝑏𝑏𝑏𝑏𝑏 = 0.39 -
• 𝜏𝜏 = 1.33 -
• 𝐵𝐵0,𝑏𝑏 = 1.12∙10-11 m2

• 𝑑𝑑𝑝𝑝𝑝𝑝𝑟𝑟𝑏𝑏,𝑏𝑏= 19.5 μm

Plus one additional parameter: 𝑋𝑋 =
𝐷𝐷0

𝐷𝐷𝑝𝑝𝑝𝑝𝑟𝑟𝑏𝑏,𝑝𝑝

Particle 
diameter

Pore diameter
(in the particles)

𝐷𝐷0

𝐷𝐷𝑝𝑝𝑝𝑝𝑟𝑟𝑏𝑏,𝑝𝑝
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Results



Results – Microscale
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Large pores in the particles 
allow large sublimation rates

𝑣𝑣𝑠𝑠

𝑋𝑋
=

Heat transfer controls 
the sublimation rate

Mass transport controls 
the sublimation rate

𝑇𝑇 = 𝑇𝑇𝑠𝑠𝑠𝑏𝑏𝑠𝑠𝑠𝑠

𝑇𝑇 = 𝑇𝑇𝑏𝑏𝑒𝑒(𝑝𝑝𝑐𝑐𝑠)



Results – Macroscale
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Three distinct 
sublimation fronts 

emerge

From the gradient in 
the Ice Saturation

5 h 10 h 15 h 19 h

𝑋𝑋 = 100

Detection of 
sublimation fronts

Bottom Top Side
FastSlow Slow

Packed bed 
domain



Results – Macroscale
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Bed porosity 
is controlling

𝑋𝑋 = 30

Ic
e 

sa
tu

ra
tio

n 
S,

 -

Ic
e 

sa
tu

ra
tio

n 
S,

 -

Ic
e 

sa
tu

ra
tio

n 
S,

 -

𝑋𝑋 = 100 𝑋𝑋 = 1000

Particle porosity 
is controllingIntermediate

Diffused 
interface 
within the 

whole domain

The whole bed 
dries at the same 

time

Drying time = 5 h

Sharp 
transition
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attention

Any comments or questions?
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