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Air bubbles sample  12%fat



Air bubbles 1000RPM 12% fat

d moy 12µ

+/- 10µ

Spher 0.82



Air bubble inside  12%fat)



Ice crystals sample 12%f

d moy 24µ

+/- 11µ

Spher 0,53



Ice crystals inside the ice cream sample 12%f

d moy 24µ

+/- 11µ

Spher 0,53



Fat in Ice cream sample 1000 12%fat

d moy 16µ

+/- 13µ

Spher 0,71



Freezing and storage microstructure 

studies

• Freezing 

o Decreases product T

o Ice formation
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• Frozen chain
o Set of refrigeration steps in handling of foods

• Preserve food quality

• Prolong storage life 

Factory Distribution Supermarket Domestic



Frozen food market

17

5.8

3.3

1.1 1 0.98 0.9 0.8

Fruit &
Vegetables

Ice Cream
& Dessert

Processed
Meat

Ready
Meals

Baked
Goods

Processed
Seafood

Pizza

Volume Sales 2015

m
ill

io
n
s
 t
o
n

n
e

s

• EU frozen food market



Temperature fluctuations
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30 foods in frozen chain for 174 dFrisbee: built with real t-T database

along cold chain

Frisbee database. 2014
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Quality changes in frozen foods

6

Instability of frozen

water

Temperature fluctuations,

Storage time

Changes of ice crystal size

Reduction in ice crystal number

Recrystallization Sublimation

Dehydration

Frost formation

Quality loss

Energy 

instabilities

Vapor

pressure

Microstructure, textural & sensorial changes

drip & weight losses

Nutritional quality loss

Food microstructure: key parameter to                          

---------------------------- defines food quality



Research questions

• Characterize microstructure of frozen foods ?

• Visualize the evolution of ice crystals ?

• Model ice recrystallization during storage ?

• Effects of fluctuating temperature on quality ?
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How……?

What.…..?



Objectives and outline

Develop and apply measurement and modeling tools to 

improve understanding of microstructural and quality 

changes during frozen storage

Developing X-ray µCT method 

to characterize the 3D 

microstructure of frozen food

Tomographic imaging of ice 

crystal changes during frozen 

storage

Modeling ice recrystallization in 

food stored under dynamic 

temperatures

Kinetics of food quality 

changes during frozen 

storage
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Objectives and outline

Develop and apply measurement and modeling tools to 

improve understanding of microstructural and quality 

changes during frozen storage

Developing X-ray µCT method 

to characterize the 3D 

microstructure of frozen product 

Tomographic imaging of ice 

crystal changes in food during 

frozen storage

Modeling ice recrystallization in 

foodstored under dynamic 

temperatures

Kinetics of foodquality

changes during frozen 

storage
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X-ray micro-CT

23

Volume reconstruction

Cross section slices

Array detectorSampleX-ray source

Step by step 

rotation

Radiograph

Cooling stage

Vicent et al., 2017



Imaging calibration
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Apple sorbet

µCT slice

microscopic image

Vicent et al., 2017



Results: Freezing rate effects
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Fast freezing

(18.4 oC/min)
Intermediate freezing

(12.6 oC/min)
Slow freezing

(2.2 oC/min)

Vicent et al., 2017



X-ray attenuation coefficient references
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Jellified conc. 

solution

Frozen water

Vicent et al., 2017



Image processing

Image 

acquisition

Original X-ray 

CT image

Image 

segmentation
3D visualization

Airspaces

Individual analysis

Ice crystals
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Ice crystal size distributions
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ҧ𝑥 = 41 µm

ҧ𝑥 = 55 µm

ҧ𝑥 = 71 µm

Vicent et al., 2017



Pore size distributions
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• Pore size: frozen tissue < fresh tissue

• Volumetric expansion of frozen water

Vicent et al., 2017



Objectives and outline

Develop and apply measurement and modeling tools to 

improve understanding of microstructural and quality 

changes during frozen storage

Developing X-ray µCT method 

to characterize the 3D 

microstructure of frozen apple 

Tomographic imaging of ice 

crystal changes in products 

during frozen storage

Modeling ice recrystallization in 

stored under dynamic 

temperatures

Kinetics of apple tissue 

quality changes during 

frozen storage
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Sample preparation and storage

5 replicates

• Frozen to -18 oC

• Dynamic temperature storage

1h

-18 oC 

-5 oC 

23 h

31

2 months period

Straw

Vicent et al., 2018a



X-ray μCT

• DeskTom RX 130

• Pixel resolution: 8.9 μm

• PCM cooling stage

Volume reconstruction

Cross-section slices

Array detectorSampleX-ray source

Step by step 

rotation
Radiograph
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Results

0 d 7 d 14 d 30 d 60 d
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CT slices of fresh and frozen product

Fresh

Frozen
2 mm

Vicent et al., 2018a



Image process workflow

ROI
Ice crystal 

separation
Crystal labeling
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Ice crystal size distributions

35
Vicent et al., 2018a



Mean crystal size
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Number of ice crystals
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Objectives and outline

Develop and apply measurement and modeling tools to 

improve understanding of microstructural and quality 

changes during frozen storage

Development of a 3D imaging 

method to visualize 

microstructure of frozen apple 

Tomographic imaging of ice 

crystal changes in carrot during 

frozen storage

Modeling ice recrystallization in 

product stored under dynamic 

temperatures

Modeling quality changes in 

food microstructure during 

frozen storage
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Materials and methods

• Frozen at -18 oC

• Dynamic temperature storage

1h

-23 oC 

-5 oC 

23 h
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Model calibration:

2 months period

Model validation: 

1h

-18 oC 

-5 oC 

23 h

2 months period



Model development

• Assumptions: 
• Ostwald ripening is a governing mechanism

• Equivalent diameter, L can be used to describe ice crystal changes

• Ice crystals < Lcrit dissolve

• No T gradients inside the product

• Evolution of ice crystal size distribution n(L,t) was 

described using a PBE

G and D are the growth and dissolution rates
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Model development 

• Growth rate:

G ∝ sub-cooling degree (ΔT)

G > 0 when Teq > T

G < 0 when Teq < T

( )g eqG k T T= −

kg = growth coefficient

Teq and T = equilibrium and product temperatures
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Model development 

• Dissolution rate:

D is inversely proportional to crystal size relative to Lcrit
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Model development

( )app p ice ice s ice a

d
V C T V H A UA T T

dt
   +  + = − 

• Lumped energy equation to estimate energy transfer

sensible

heat

latent

heat

surface

energy

heat exchange 

between product & 

air
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Discretization

• PBE was numerically solved using the classes method
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Upwind derivative scheme 

• Set of equations to describe the discrete crystal Ni(t)

and

Time step, Δt = 10 s 
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Results: Model calibration
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Evolution of ice crystal size distribution
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Model validation
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Objectives and outline

Develop and apply measurement and modeling tools to 

improve understanding of microstructural and quality 

changes during frozen storage

Developing X-ray µCT method 

to characterize the 3D 

microstructure of frozen food

Tomographic imaging of ice 

crystal changes in food during 

frozen storage

Modeling ice recrystallization in 

food stored under dynamic 

temperatures

Kinetics of food quality 

changes during frozen 

storage
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Quality modeling
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• Kinetic models:                        and

• Incorporating temperature effect by Arrhenius equation

• Physical model: 
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Kinetic model predictions
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Vicent et al., 2018b



General conclusions

• Tomographic imaging to characterize frozen food

o 3D ice crystals

o 3D microstructure

o Mean size and number of ice crystals changes  

• Modeling ice recrystallization

o PBE describes well the ice crystal evolution

o Broader ice crystal size distribution

o Governing processes: D and G 
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New research 

• Limited contrast in µCT images 

o Phase contrast tomography

o Contrast-enhanced µCT

• Microstructure dynamics

o 4D CT

o Short exposure time or reduce projections. 

o Phase transition in real time
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Use of enhance contrast agent

for sorbet
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Without

CA
With

Masselot V. 2020



SynchotronTomography
• Case of frozen like cake product low water content
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Amira Zennoune , H. Benkhelifa, T. Ndoye 2021 et al



What is next?  Following dynamical

phenomena : meltdown
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Thank you!

Graciela Alvarez
graciela.alvarez@inrae.fr

INRAE , Refrigeration Research Unit France


