Computational fluid dynamics
investigations of pulmonary airway
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Motivation

To determine the mechanical stimulus
associated with airway damage from the
reopening of a pulmonary airway.




Mathematical Model Formulation
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Dimensionless Parameters

Ca = OU/Yo = Dimensionless Velocity
22 =T/Y% = Dimensionless Wall Tension
d = KH2/Y% = Dimensionless Wall Stiffness




The Computational Model

Evolution Eqn : Kinematic Stokes Flow
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Boundary Element Formulation
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Pulsatile Flow Animation
A=5, Ca_=0.1, ©=0.06
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General Concepts

Surfactant physicochemical interactions result from three interacting
relationships.
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Marangoni Stress on Interface Retards Bubble Motion.




Interfacial Transport (Monolayer)
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Transport Parameters
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Adsorption Desorption

Assume: C=10 mg/ml, % ,,=22 dyn/cm

104 < Sty2 < 1073 107 < Sty9< 10

To retain the correct balance between sorption
and velocities (since Ca ~ 0.1, not 10-3), we
Investigate

St2 =102 Std=10¢4 4 . =13




Solution Process: Fluid-Structure
Interactions with Surfactant
Physicochemical Interactions

Initialize: Assume equilibrium (constant surface tension) conditions: BEM to estimate
interfacial and wall shapes given estimates of stress condition at interface and

velocity estimate for the wall.

Using a Newton’s method, the domain is updated until the kinematic boundary
condition at the air-liquid interface and the wall stress condition are simultaneously

satisfied.
Use BEM to compute the velocity field in the domain.

Use finite-volume method to determine the interfacial and bulk surfactant distribution
on a staggered grid for a given surfactant flux at the bubble surface. The interfacial
and bulk concentrations are recomputed iteratively until the flux condition is satisfied.

Given the new concentration field, the interfaces are updated

Steady state is reached only when the shapes and the fluxes have converged.




Finite-Volume Mesh
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Boundary-fitted coordinates are used to describe the grid of our domain
since its boundaries do not easily line up with the usual Cartesian
coordinate system. The transformations between the physical and
computational domains are obtained by solving a system of Poisson
equations (See, for example Thompson and Fletcher).




Transport Stencill
Finite Volume Method
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Concentration Field in
Airway Reopening

Ca=0.3, Pe_=103, Pe =40,
St_=0.3, St,=0.03, »=0.4
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Computational Requirements of
Numerical Method

« Approximately 400 nodes on the BEM domain ->
3800 unknowns. Linear system Is solved using a
Gaussian elimination routine from LAPACK.

* The interfaces are determined using a Newton's

method (MINPACK). This is not parallelized.
There Is room for improvement here.

* The internal grid consists of approximately
30,000 nodes. The linear system Is sparse and
banded. Solved using SUPERLU (serial

version).




Computational Requirements

« Storage: 100Mb/simulation.

* CPU: ~300 CPU hours/simulation
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