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The questions.

Chest physiotherapy is a common treatment, 
usedto treatinfant bronchiolitis, cysticfibrosis, COPD, etc.

But :
1-CP technicsare numerous: whatare the best ones?

2-CP technicsare empirical: do theywork?
3-CP efficiencyhas been subjectedto a controversy: how to answer?

To deal withthesequestions, 
the phenomenainducedby CP in the lungsneedto be studied scientifically.

One wayisto modelthe biophysicalphenomenaoccuringin the lungsduringCP.



Modelling!

Physiology
What are the biological, morphological, medical properties of the organ(s)
involvedin CP?

Physics
What physicalprocessesare relevantand are driving the problemwe want to
study?

Mathematics
How do the interactions between physiologyand physicscan be translated
into mathematicallanguage, andstudied?

The modelling processdecomposesinto



Physiology - geometry.

FromMerryn H. Tawhaiet al, J. App. Physiol, 2004



Physiology - geometry.

Hypotheses:

Eachbronchusisa cylinder.

The lungismodeledas a symmetric, bifurcatingfractal tree.
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Physiology - geometry.

rn = hn-1 r1

ln = hn-1 l1

numbers= generations



Physics - Airflow

Air is flowing insidethe bronchiand checksthe incompressible Navier-Stokes equations.
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Simplification of Navier-Stokes equations.
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Global existence and smoothnessof solutions 
for 3D Navier-Stokes equationsisstillan open problem.

As of today, partial resultsonlyhave been proven.
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Properties of Navier-Stokes equations.
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Developed -> air velocityis independenton z
Galdishowedthat the velocityprofile on a section of a semi infinite tube converges 

exponentiallytoward the Poiseuille profile alongthe tube axis



Properties of Navier-Stokes equations: Poiseuille’s law
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Properties of Navier-Stokes equations: Poiseuille’s law
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Properties of Navier-Stokes equations: Poiseuille’s law
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R = R1 + R2

1/R = 1/R1 + 1/R2

Properties of Navier-Stokes equations.
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Properties of Navier-Stokes equations.
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of the first generation

We have here a simple model for studying the airflow in the lungs:
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More complex models exist, for example if the bronchi are not bifurcating symetrically, this 
involves a large symmetric positive definite matrix called the resistance matrix with remarkable 

properties (introduced by Grandmont, Maury, Meunier).



Physiology - mucus.

Mucus is localized on the bronchi wallswhere it forms a layer.

It is regularly replaced and motioned up the bronchial tree thanks to cilia located on the 
bronchi walls and to cough.

Mucus is present down to the seventeenth generation 
and mainly near the seventh generation.

Mucus is a viscoelastic rheofluidifyingfluid.



We will assume mucus to behave as a Bingham fluid:

Physics - mucus.

shear rate
Ὠὺ

Ὠὶ
solid liquid

if inner shear forces are 
strong enough, then mucus 
behaves as a Newtonian 
fluid; 

otherwise mucus is solid.

„ „ ‘ if „ „

π otherwise  

The physical law reads (developed flow case):



Model for mucus distribution.

We assume mucus to be distributed homogeneously on the bronchus wall, 
in a layer whose thickness is constant.

The problem is still assumed axi-symmetric.
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Mucus properties.

air

solid mucus

liquid mucus

ra rbr0

If mucus is both solid and liquid then the liquid mucus is closer to the wall. 
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Extending the model to the whole tree (quasi-static).
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Full quasi-static model.
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We can show that, in the limit of our model,

-Ifmucusisbothsolidandliquidthentheliquid mucus layer is the layer closer to the wall

-Thereexists a time asymptotic “maximal” distribution of mucusthatisatequilibriumwitha
givenairflowinthetree

-Thetime asymptotic “maximal” distribution of mucus has a fractal distributioncorrelatedto

thatofthetree,itsdiameterreductionfactorisὬ ὬȾς

-Undersomespecific(physiologic)hypotheses,anymucusmotionhas for effect to decrease
the hydrodynamic resistanceofthelung





Asymptotic distribution of mucus, equations.
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Asymptotic distribution of mucus, equations.
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whole bronchus
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There is not a unique solution to the stationary problem, 
but 

we can define and characterize a unique “maximal” solution.
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Maximal mucus distribution in the lung’s model at different ventilation’s regimes.

Ref: Towards the modeling of mucus draining from human lung: role of the geometry of the airway tree. B. 
Mauroy, C. Fausser, D. Pelca, J. Merckx and P. Flaud. Phys Biol. 8(5):056006, 2011.

http://benjamin.mauroy.free.fr/publis/mauroy_mucus_draining.pdf


But let us go back to the approximations made 
and think how they affect the meaning of these results?

-Is the hypothesis of developed flow regime valid?

-What about the effect of the bifurcations on the flow?

-Is the lung really fractal?

-Are the bronchi really rigid, cylindrical, etc?

-What about the role of inspiratory flow?

-…

The results presented before are true in the limit of the model, 

and blind extrapolation is dangerous!
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How to go further ??



Adding bronchi deformations and the ventilation cycle.

Lambert et al, 1982: bronchi static behavioral laws.

The diameter of a bronchus depends on the fluid mechanics in the bronchus, which in turns 
depends on the diameter of the bronchus. This “loop” is also dependent on the whole tree 
structure, through the fluid mechanics.

We have an implicit definition of the mucus distribution and motion.

This new model is well posed (with M. Lin, Institute of Technology of Cambodia) and is 
numerically easily tractable.





In this model, airflow is controlled by physiotherapy pressure on the chest.

Ref: Towards the modeling of mucus draining from human lung : role of airways deformation on air-mucus 
interaction. B. Mauroy, P. Flaud, D. Pelca, C. Fausser, J. Merckx, B. R. Mitchell. Frontiers in Physiology, 6:214, 
2015.

http://journal.frontiersin.org/article/10.3389/fphys.2015.00214/abstract


More realistic physics inside a simpler geometry



Bi-fluid modelling using VOF method (OpenFoam, from Ubbink 1997)
with H. Kumar, ABI, Auckland University.
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Colloque  Interfaces des Physiques NumŞrique et ThŞorique - Inphyniti 

  
Vendredi 04 novembre 2016 

 

 
Lieu : Institut Henri PoincarŞ ς IHP 

11 Rue Pierre et Marie Curie, 75005 Paris 
 

 
Dans le cadre de ses actions interdisciplinaires, le CNRS organise,   le 04 
novembre 2016,  le colloque du dŞfi Inphyniti qui se tiendra Ą ̧²IHP, Paris. 
Ce dŞfi soutien des recherches interdisciplinaires aux interfaces de la 
ModŞlisation ThŞorique et NumŞrique. LΩobjectif global est de soutenir 
le dŞveloppement et le renforcement des approches thŞoriques et 
numŞriques heÂÊ ̧²iÂÊi¿f̧i hiÊ champs disciplinaires. 
 
Le colloque rassemblera une communautŞ interdisciplinaire, autres des 

personnalitŞs scientifiques, certains laurŞats  interviendront sur diffŞrents 

thŝmes.  A cette occasion, les recherches menŞes seront ŞvoquŞes 

rendant visible ce champs Şmergent et ouvrant la voie vers de nouvelles collaborations et des 

nouveaux projets aux interfaces  

PROGRAMME  
 

09h15   Accueil des participants & installation posters 
 
09h45 Ouverture de la journŞe : Anne RENAULT (Directrice de la MissioÂ ÅÄÉÆ ̧²IÂËiÆhmÊgmÅ̧mÂeÆmËč, 

CNRS),  Alain SCHUHL (Directeur hi ̧²IÂÊËmËÉË hi Pl}ÊmÇÉi, CNRS).    
 
09h55  KEYNOTE De la Physique Statistique aux Sciences Sociales, Jean-Philippe BOUCHAUD, 

Capital Fund Management, Paris.   
 
10h30 PROJET STRUCTURANT Physique au-delŁ du Modŝle Standard  et Matiŝre Noire avec le 

Large Hadron Collider, Sophie HENROT, LefÄÆeËÄmÆi h²Aggç̌čÆeËmÄÂ LmÂčemÆi, OÆÊe}. 

11h00 PROJET EXPLORATOIRE DŞrivŞes SupŞrieures pour ModŞliser lΩEnergie Noire, Karim NOUI, 
Laboratoire de MathŞmatiques et de Physique ThŞorique, Tours.  

11h30  PROJET EXPLORATOIRE Dynamique des VorticitŞs Superfluides dans la Croute des  
              Etoiles Ł Neutrons, Micaela OERTEL, Laboratoire Univers et ThŞorie, Meudon 
 
 
12h00   Buffet et sŞance posters  

 
13h40 KEYNOTE Emission dΩOndes Gravitationnelles lors de la Coalescence de Trous Noirs, 

Thibault DAMOUR, Institut des Hautes Etudes Scientifiques, Bures-sur-Yvette. 

14h15 PROJET EXPLORATOIRE, La croissance des Oxydes Minces, De lΩAtome au ProcŞdŞ, Anne   

HEMERYCK, LefÄÆeËÄmÆi D²AÂȩ}ÊiÊ iË h²AÆglmËigËÉÆi hiÊ Systŝmes, Toulouse. 

14h45 PROJET STRUCTURANT Ondes non LinŞaires et Dynamique Lente dans les Solides 
EndommagŞs, Bruno LOMBARD, Laboratoire de MŞcanique et d'Acoustique, Marseille. 
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