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Deep-fat frying overview: two stages 

Immersion stage Cooling stage 
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Deep-fat frying overview: two stages 

 Solid phases = starch, cell walls (cellulose pectins) 

 Liquid phase = WATER (almost no oil) 

 Gas phase = PURE STEAM 

 Solid phases = starch, cell walls (cellulose pectins) + reaction 

products 

 Liquid phases = water + OIL 

 Gas phase = mixture AIR + residual water vapor 

Immersion stage Cooling stage 
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Organization of phases during immersion and cooling 
(1.5 mm thick cassava chips) 

oil

liquid water

steam

air

oil

steam

liquid water

during cooling

air

during fryingstructure

outer surface

Vitrac, O. et al. (2000). Eur. J. Lipid Sci. Technol. 102 (8-9), 529-538 

 Vitrac, O. et al. (2003). J. Food Eng. 60 (2), 111-124. 
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Immersion stage 
(e.g., thermostable alginate gel) 

Vitrac, O. et al. (2003). J. Food Eng. 60 (2), 111-124. 
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Immersion stage 
(e.g., cassava chips) 

Vitrac, O. et al. (2003). J. Food Eng. 60 (2), 111-124. 

150 𝑘𝑊 ∙ 𝑚−2 

30 𝑘𝑊 ∙ 𝑚−2 
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Immersion stage 
convective heat transfer coefficient: h 

Vitrac, O and Trystram, G. (2005). Chem. Eng. Sci. 60(5), 1219-1236 

natural convection 

mixed convection 

1500 𝑊 ∙ 𝑚−2 ∙ s−1 

300 𝑊 ∙ 𝑚−2 ∙ s−1 
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Immersion stage 
(e.g., 1.5 mm thick cassava chips) 

Vitrac, O. et al. (2002). J. Food Eng. 53, 161-176. 
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(can be reproduced using super heated steam) 
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Immersion stage (no air) 
Isobaric sorption curves (crust of French fries) 

Patsioura, A. et al. (2015). AIChE J. 61(4), 1427-1446. 

𝑎𝑤 =
𝑃𝑎𝑡𝑚

𝑃𝑣
𝑠𝑎𝑡 𝑇
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Without air: a single thermodynamic curve 
(e.g., for curve for each roaw material) 

Vitrac, O. et al., In “Transport Phenomena in Food Processing” (2003) 29:445 

Achir et al. (2008). Chem Eng Process, 47(11), 1953-1967 
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Immersion stage 
(e.g., thermostable alginate gel) 

Vitrac et al. Eur. J. Lipid Sci. Technol. (2000) 102:529 

alginate gel 

cylinder 

autonomous  

temperature 

pressure 

logger 15
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FRYING COOLING 

Starchy gel 

Initial water content 

= 2.7 kg/kg d.b. 

Rich-water gel 

Initial water content 

= 13.2 kg/kg d.b. 

FRYING COOLING 

+44 kPa -36 kPa 

+9 kPa -8 kPa 
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Pressure controls oil penetration (forced imbibition) 

Achir, N., Vitrac, O., Trystram, G., Heat and mass transfer during frying 

In "Advances in Deep-Fat Frying", S. Sahin, S.G. Sumunu, (Eds.), CRC Press,  Boca-Raton, 5, 2010. 

frying 

overpressure 
pressure drop 

cooling 
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Difference between fresh and parfried French-Fries 

Achir et al. Food Res Int (2010), 43(1), 307-314 

Vauvre, J.-M. et al., Eur. J. Lipid Sci. Technol. (2014), 116, 741-755 

from fresh potatoes from par-fried frozen 

Ar Laser 

UV source 

(351 nm) Ar-Ne 

Laser 

source 

(543 nm) 

piezoelectric 

microstage 

xz 

60x80 µm2 

1.5x1.5x0.35 mm3 

(bottom is up) 
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Difference between fresh and parfried French-Fries 

Patsioura, A. et al., Mechanisms of Oil Uptake in French Fries, In “Advances in Potato Chemistry and 

Technology, 2nd Edition” (Chapter 17), J. Singh and Lovedeep Kaur (Eds.), Academic Press, 2018 

180°C 

t1= 1 min 

180°C 

t2 

5s 

Liquid 

nitrogen 

180°C 

t0 

t1=1 min t2=4 min 

t0=1 min t1=1 min t2=3 min 

t0=3 min t1=1 min t2=1 min 

𝒕𝟎 + 𝒕𝟏 + 𝒕𝟐 = 𝟓 𝒎𝒊𝒏 



20 

Difference between fresh and parfried French-Fries 

Patsioura, A. et al., Mechanisms of Oil Uptake in French Fries, In “Advances in Potato Chemistry and 

Technology, 2nd Edition” (Chapter 17), J. Singh and Lovedeep Kaur (Eds.), Academic Press, 2018 

from fresh potatoes from par-fried frozen 
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Difference between fresh and parfried French-Fries 
(dissection and local measurement) 

Touffet M, Trystram G, Vitrac O. Revisiting the mechanisms of oil uptake during 

deep-frying. Food and Bioproducts Processing. 2019;submitted  
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Why oil can penetrate in parfried frozn products 
during the first minute of immersion 

Touffet M, Trystram G, Vitrac O. Revisiting the mechanisms of oil uptake during 

deep-frying. Food and Bioproducts Processing. 2019;submitted  



23 

On average, ca. 10 entries points 

per French-fry centimeter length 

Oil percolation during cooling 
Par-fried Full-fried 
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Microscopic oil uptake model 

Vauvre et al. AIChE J. (2015) 61(7), 2329-2353 
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Effect of cellular damage 

Vauvre et al. AIChE J. (2015) 61(7), 2329-2353 

Damage profiles Oil uptake kinetics: 
saturation 𝑠(𝑡) 
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Air can stop oil uptake 

Patisoura et al. AIChE J. (2015) 61(4), 1427-1446 
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A. Patsioura, et al, Food and Bioproducts Processing 2017, 101, 84-99. 

M. Touffet et al., Journal of Food Engineering 2018, 224, 1-16. 

Oil dripping process (cooling) 
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𝑡=1.26 s 𝑡=1.30 s 𝑡=1.35 s 𝑡=1.39 s 𝑡=1.46 s 𝑡=1.59 s 𝑡=1.63 s 
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Theoretical oil reduction achievable 
28 

𝑭𝑺: oil content 

𝒕: log scale 
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Surface cooling from 140°C 
down to 140°C in 80°C 

geometry 
cycle T 

wetting 
viscosity 

Structure rupture 

Oil imbibition vs oil dripping 
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