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5 SCOPE

q experiment
# Eustice (1911): the existence of secondary flow in curved tubes is 

demonstrated for a variety of geometries
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q theory 
# Dean (1928): fully-developed flow 

in helically coiled circular tubes

(Fig. 4.)                    (Fig. 3.)
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7 SCOPE

q numerical simulation
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Fig. 10. Scalar concentration..., Re = 10.
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8 SCOPE (AND SUMMARY)

q What about continuous thermal processing of liquid food products

...whose rheological behavior can change along the product history

...within heat exchangers characterized by complex geometry ...?

q In order to study these coupled problems, we need numerical model

...which must include realistic representation for the product 
transformation kinetics and rheological behavior

...while considering the 3D characteristics of the processing unit ...!

q In addition, we need assess the model reliability with the help of 
independent observations

...and evaluate the influence of mesh resolution on model predictions !



9 HEAT EXCHANGER

• heating sections are 80 cm long
• all sections have a diameter of 8 mm
• mean residence time ~50 s under 15 L/h



10 COUPLED PHYSICAL PROBLEM

q aqueous suspension of modified waxy maize starch (3.42 % w/w) 

q governing equations

ü ......mass

ü ......momentum

ü ......energy

ü ......transformation

q transformation state: the swelling degree

ü



11 COUPLED PHYSICAL PROBLEM

q rheological model

ü

ü

ü



12 NUMERICAL MODEL

• governing equations are solved through the finite-element method
• simulation package COMSOL Multiphysics 4.4

• half- heat exchanger 
• un-structured mesh
• double boundary-layer along the walls
• minimum element size = R / 6

1.3 107 degrees of freedom (!)



13 NUMERICAL MODEL: Boundary Conditions



14 RESULTS: Secondary Flow
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3rd bend

RESULTS: Secondary Flow and Product History
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19 RESULTS: Temperature and Product History
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21 RESULTS: Transformation and Product History
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23 RESULTS: Apparent Viscosity and Product History
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25 RESULTS: Mixing Effectiveness
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bend outlet:
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26 RESULTS: Mixing Effectiveness

1st bend

3rd bend

bend outlet:
σT ~ 1.3 °C

bend inlet:                   
σT ~ 5.9 °C                   

bend outlet:
σT ~ 0.3 °C

bend inlet:                   
σT ~ 1.3 °C                   

σT,outlet / σT,inlet ~ 0.2

mixing effectiveness ~ 80 %



27 RESULTS: Selected Variables at the Exchanger Inlet and Outlet
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28 RESULTS: Comparison with Observations

q experimental value of the volume mean diameter of starch granules at the 
exchanger outlet (after sampling the product while running the heat 
exchanger): 
# 23.6 +/− 0.4 µm (three samples separated by five minutes)

... or δD = (23.6 – 16.3) = 7.3 µm in diameter increase

q model prediction of the volume mean diameter of starch granules at the 
exchanger outlet:
# 24.22 µm (minimum element size = R/6)

... or δD = (24.22 – 16.3) = 7.9 µm (+8 %) in diameter increase

q influence of mesh resolution on these model predictions:
# 24.18 µm (minimum element size = R/5)
# 24.25 µm (minimum element size = R/7)
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31 SUMMARY

q 3D numerical modeling of fluid flow, heat transfer and starch swelling 
under thermal continuous processing, with no assumption regarding 
the mixing role played by curved sections

# assessment of mixing: σT decreases to 20 % of its previous value 
(mixing effectiveness ~ 80 %)

# reliability of model predictions: the increase δD = (D – D0) in 
volume mean diameter is overestimated by about 8 % at the heat 
exchanger outlet

# computational resources: hundreds of Gb RAM, some days



32 ONGOING WORK

q looking for more realistic representation of starch swelling kinetics

# observations with an optical microscope coupled to a warming 
plate, in order to follow the behavior of starch granules during
thermal treatments

# in the case of modified waxy maize starch, the swelling 
mechanism exhibits some stochastic nature, associated with 
diffusion of surrounding water into the starch granule.
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Plana-Fattori et. (2015), 12th International Congress on Engineering and Food, Quebec City


