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Vacuum drying: why and how
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Basic principle

‐ Inhibition of microbial growth
‐ Extended shelf life of food
‐ Less weight (transportation)
‐ Maintaining sensorics quality and flavour 
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Shortening the drying process

Challenges
‐ Shortening the process duration
‐ Reaching a very gentle process
‐ Temperature should be kept low



Vacuum drying: why Microwaves?

Dielectric volumetric heating
‐ Energy is directly converted within the material 

(efficiency)
‐ Water contained in the product is the main 

responsible for MW absorption (selectivity)
‐ Energy transfer rate is not related to temperature 

gradient

Challenges
‐ Achieving a very homogeneous process 

despite the presence of EM standing waves

Comparing different MW technologies

Magnetron

the only way to 
change the field 
pattern is through 

stirrers (e.g. 
turntable)

SSD MW processing

It is possible 
to control the 
frequency 

Multiport
SSD MW processing

It is possible to 
control the 

frequency and the 
phase‐shift between 

different ports



Vacuum Drying of Food: physical steps

Electric field distribution

Instantaneous power density

Effective power density
(rotation)

Temperature raise

Water content
Maxwell’s laws

Dielectric polarization

Rotation transformation

Fourier’s law + evaporation

Fick’s law + evaporation



Computational schema

EM

PDE

IPD

Rotation

Applied 
microwave field

Instanteneous 
power
density

APD
Average power 

density per rotation

+HT PDE
Fully coupled physics

Heat transfer
Vacuum drying

T MCTemperature Moisture content

(frequency domain)

(time domain
over one rotation)

(time domain
over the process duration)

Electromagnetic non-linearity
(change of material properties)

(Set of simulations related to 
pattern variability of each

specific technology)



Initial and boundary conditions

RF Electromagnetics

݊ ൈ ࡱ ൌ ૙ Perfect Electric Conductor

ܵ ൌ
׬ ሺࡱ െ ૚డஐࡱ ሻ · ૚ࡱ

׬ ૚డஐࡱ · ૚ࡱ
; EM propagation mode	ଵ଴ܧܶ				

Boundary conditions

Heat transfer

ࢗ ൌ ݄ሺ ௘ܶ௫௧ െ ܶሻ Low level natural convection

Vacuum drying

B.C. is already included as mass depletion due to
evaporation (sink term).

࢔ · ܿΔߠ௅ ൌ 0 No flux of ߠ௅

Initial conditions

,ݔሺࡱ ,ݕ ሻݖ ൌ ૙ Absence of field

Heat transfer

ܶ ,ݔ ,ݕ ݖ ൌ ܥ20° Environmental temperature

Vacuum drying

௅ߠ ,ݔ ,ݕ ݖ ൌ 0.84 Fresh product water content

RF Electromagnetics

These conditions are necessary to compute the
numerical solution of the PDE equations which are
associated to each physics, and to guarantee
uniqueness of results.



Formulation

ߘ ൈ ௥ିଵߤ ߘ ൈ ࡱ െ ݇଴ ߳௥ െ
ߪ݆
߱߳଴

ൌ 0

RF Electromagnetics

ࡱ

,ݔሺ݀݌݅ ,ݕ ,ݖ ሻݐ ൌ෍݀݌ݏ௜ሺݔ ൅ ܺ௥ െ ௚ܺ, ,ݕ ݖ ൅ ܼ௥ െ ܼ௚ሻ · ௔ଵݓ݌ ሻݐሺܾ݋ݎ݌
௜

Rotation of power density

s݀݌ሺݔ, ,ݕ ሻݖ ൌ ଴߳௥ᇱᇱ݂߳ߨ2 ࡱ ଶ

Electric field Static power density

Rotation of the turntable
Step function

Random number
function over timeܺ௥ ൌ ௚ܺ െ ܺ଴ · ݏ݋ܿ ߨ2 ௥݂௢௧ݐ െ ܼ௚ െ ܼ଴ · ݊݅ݏ ߨ2 ௥݂௢௧ݐ ൅ ܺ଴

ܼ௥ ൌ ௚ܺ െ ܺ଴ · ݊݅ݏ ߨ2 ௥݂௢௧ݐ െ ܼ௚ െ ܼ଴ · ݏ݋ܿ ߨ2 ௥݂௢௧ݐ ൅ ܼ଴

݀݌ܽ ,ݔ ,ݕ ݖ ൌ ௥݂௢௧ න ݀݌݅ ,ݔ ,ݕ ,ݖ ݐ ݐ݀
ଵ/௙ೝ೚೟

଴

Average power density

Heat transfer

௣ܿߩ
߲ܶ
ݐ߲ ൅ ௣ܿߩ · ܶߘ ൅ ߘ · ࢗ ൌ ܳ

ࢗ ൌ െ݇௧௛ܶߘ

௟ߠ߲
ݐ߲ ൅ ߘ · െܿߠߘ௟ ൌ െ

ሶ݉
௪௔௧௘௥ߩ

ሶ݉ ൌ ݇௩௔௣ · ௪௔௧ߩ
௦ܲ௔௧ ܶ െ ௖ܲ௛

௖ܲ௛

Vacuum drying

ܶ
௟ߠ

௚ߠ ൌ 1 െ ௟ߠ െ ௦ߠ
Temperature and moisture

Material phases of 
the food product

ܿ௣ ൌ ݂ሺߠ௟ሻ k௧௛ ൌ ݂ሺߠ௟ሻ
ߩ ൌ ݂ሺߠ௟ሻ

߳ሶ ൌ ߳ᇱ െ ݆߳ᇱᇱ ൌ ݂ሺߠ௟, ܶሻ



System: Magnetron

ܲ ൌ 800	ܹ
݂ ൌ ݖܪܩ	2.45

Degrees of freedom in terms of electric 
field patterns are solely related to the 

rotation of the turntable.



Results: Magnetron
Electric field Power density

Avg. power density
Temperature

Moisture
(0 s) (150 s) (300 s) (450 s) (600 s)

(0 s) (150 s) (300 s) (450 s) (600 s)

(0 s) (0.2 s) (0.4 s) (0.6 s) (0.8 s)

(per rotation)

(unique setting)



System: 1 port SSD

ܲ ൌ 800	ܹ
݂ ൌ ሾ2.4; 2.5ሿ	ݖܪܩ

Degrees of freedom in terms of electric 
field patterns are related to the 

combination of rotation of the turntable 
and frequency shift.

In the current case: 11 frequency 
combinations

(tested) 11 electric field patterns



Results: 1 port SSD

Electric field

Instantaneous power density

Avg. power density
(0 s) (0.2 s) (0.4 s) (0.6 s) (0.8 s) (1.0 s)

(per rotation)

(1st setting) (2nd setting) (3rd setting) (4th setting) … (11th setting)

NOTE: Here just a sub-sampling of all 
the possible electric field patterns

is displayed



Temperature

Moisture

Results: 1 port SSDC

(0 s) (150 s) (300 s) (450 s) (600 s)

(0 s) (150 s) (300 s) (450 s) (600 s)



System: SSD 2 channels

ଵܲ ൌ 400	ܹ
݂ ൌ ሾ2.4; 2.5ሿ	ݖܪܩ

ଶܲ ൌ 400	ܹ
݂ ൌ ሾ2.4; 2.5ሿ	ݖܪܩ

߶ଵ 	ൌ 0

߶ଶ 	ൌ 0; 360 °

Degrees of freedom in terms of electric 
field patterns are related to the 

combination of rotation of the turntable, 
frequency shift and phase shift.

In the current case: 5 frequency 
combinations are combined with 5 

phase shift combinations

(tested) 25 electric field patterns



Results: SSD 2 channels

Instantaneous power density

Electric field

(1st setting) (2nd setting) (6rd setting) (7th setting)
… (12th setting)

(0 s) (0.2 s) (0.4 s) (0.6 s) (0.8 s) (1.0 s)

(11th setting)

(16th setting) (17th setting) (21th setting) (22th setting)

NOTE: Here just a 
sub-sampling of all 
the possible electric 

field patterns
is displayed



Results: SSD 2 channels
Avg. power density

(0 s) (150 s) (300 s) (450 s) (600 s)

Temperature

Moisture

(0 s) (150 s) (300 s) (450 s) (600 s)

(per rotation)



Results: Comparison

20

22

24

26

28

30

32

34

36

0 100 200 300 400 500 600

1 port SSD

20

22

24

26

28

30

32

34

36

0 100 200 300 400 500 600

Magnetron

0.65

0.67

0.69

0.71

0.73

0.75

0.77

0.79

0.81

0.83

0.85

0 100 200 300 400 500 600

1 port SSD

0.65

0.67

0.69

0.71

0.73

0.75

0.77

0.79

0.81

0.83

0.85

0 100 200 300 400 500 600

Magnetron

0.65

0.67

0.69

0.71

0.73

0.75

0.77

0.79

0.81

0.83

0.85

0 100 200 300 400 500 600

2 ports SSD

20

22

24

26

28

30

32

34

36

0 100 200 300 400 500 600

SSD 2 ch

Time [s]Time [s] Time [s]
Te
m
pe

ra
tu
re
[°
C]

Te
m
pe

ra
tu
re
 [°
C]

Te
m
pe

ra
tu
re
 [°
C]

M
oi
st
ur
e 
[‐]

M
oi
st
ur
e 
[‐]

M
oi
st
ur
e 
[‐]

Time [s]Time [s] Time [s]



Final comments

‐ Solid state MW processing can guarantee higher uniformity with respect to classical magnetron based processing

‐ Increasing the number of input ports, it is possible to achieve further more homogeneous field patterns.

‐ Comsol Multiphysics® Software allows to implement in a very flexible way complex processes to compare technology 
performances and to perform product optimization 

(e.g., LiveLink™ forMatlab®, PDE interfaces,…)



Thank you for your kind attention



Computational aspects

Mesh

Rotation + Vacuum Drying 

100460 domain elements

22252 boundary elements

472 edge elements

Heat Transfer

132120 domain elements

30120 boundary elements

1404 edge elements
Electromagnetics

1120903 domain elements

106398 boundary elements

8535 edge elements

NODOF

377002 (plus 30481 internal DOFs)

Heat Transfer + Vacuum Drying

332994 (plus 43165 internal DOFs).

Rotation

1 hour, 50 minutes, 29 seconds5 minutes, 47 seconds

1476970

7 minutes, 23 seconds

Electromagnetics

1st order shape function
(nodal discontinuous Lagrange) 2st order shape function (Lagrange) 1st order shape function (Lagrange)

Direct solver PARDISO Direct solver PARDISO Direct solver PARDISO


