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Abstract

e Goal: To create a representative model of the pulmonary system
and its immediate capillaries with a focus on the bulk/intensive
properties of the fluids involved.

e Results include test cases for the 1st-3rd bifurcations of the
lungs and corresponding oxygen transport models.



Domain Science: BioMedical CFD

Image-based CFD [is the future of cardiovascular [and pulmonary] medical treatment”.

It has only recently become a feasible option for researchers [note: not physicians], for
example a December 2016 study by Virginia Commonwealth University researchers
accurately modeled pulmonary drug delivery of an inhaler within 10% accuracy of
clinical data
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Research Plan

What we accomplished

Geometry that shows 2-3 generations into tracheobronchial tree

Using an idealized geometry
Simulate “at rest” breathing conditions in 3D and 2D

Oxygen Transport and Hemodynamic Models
Simulate the O, and CO, diffusion between alveoli at the end of the bronchial
tree and the pulmonary capillaries



3D Pulmonary Geometry

Created using cylinder and cone tools in
Comsol
Very idealized system

3D provided useful benchmark data to build
off of in 2D




2D Pulmonary Geometry

e Accomplished more accurate
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e The outlets are labeled
counterclockwise from the top left
outlet




Steady State vs. Transient Simulations

e Steady state means that the system has e Transient simulations allow us to see the flow
reached total equilibrium based off of a single

o " of air over a time period
set of initial and boundary conditions.

e In our transient simulations we use a mixture
e We care about this solution because it

computes faster and gives a reliable snapshot
of pressure and velocity.

of square waveform and sawtooth graphs to
better replicate the mechanics of inspiration

and expiration

e For example, we know that the lungs can
create a pressure difference of +/- 130 Pa.
However, this pressure is found in the
deepest parts of the lungs, we had to conduct
numerical experiments to determine a
ballpark estimate for the actual pressure in
the bronchus.




Flow Rates for Pulmonary Simulation

® At rest breathing conditions: e To calculate the data in the table
V=0.5L =0.0005 m3 we used:
Q =0.0005m3 /2 s=0.00025 m3/s Lp(dia)=1/4xaxdia
(2 seconds corresponds to 15 Q=VxdxLp(d)=Vx1/4xzxd’

breaths per minute)

., Diameter (m Volume Flow Velocity (m/s

average velocity needed
through a 2 second inhale or
exhale




Steady State

3D Pulmonary Test Cases

Set Conditions:
Inlet Pressure= 0 Pa

Outlet Pressure=
-1776 Pa

Results:

Inlet Velocity=.2057
m/s

Outlet Velocity=.2886
m/s

Time=0 5 Slice: Vel : (m/s) Arrow Line: Velocity field

Transient

Set Conditions:
Inlet Pressure used
waveform graph

Outlet Pressure= 0 Pa

e Only analyzed
max inlet and
outlet velocity

to check if
representative



ZD Pulmonary Test Case: Steady State

Crucial step in testing flow
rates calculated

Results:

Outlet P__=0.1435 Pa
Inlet Velocity=.4745 m/s

Pressure difference observed in
simulation served as a
benchmark for transient
simulations



2D Pulmonary Test Case: 2nd Generation

"
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2D Pulmonary Test Case: 3rd Generation

Inhale Line Volume

inlet Integration Inhaled
(m~"2/s)

0 0.0002194

0.011406

0.018263

0.019659

0.019658

0.019658

Outlet 1 Data




Hemodynamic Simulations

Our ultimate goal is to create an interface between the lungs and the blood. This group
of simulations starts from simple flow of blood through a cylinder and ends with a
representative model of the blood/lung system.

The following simulations were ran to benchmark the fluid and diffusion behavior...
3D Pulsatile Duct Flow

3D Pulsatile Curved Duct Flow

Axisymmetric Mesh Expansion/Contraction

Closed Loop System

Diffusion from Alveoli into Blood

Bulk Blood/Lung System

NV WN



3D Pulsatile Duct Flow

We used this as a basis for our blood flow
in our other simulations. The inlet velocity
is a function of cardiac output, heart bpm
and time.

Average Cardiac Output:

5.0L/min = 8.33E-5 m3/s

Time=0 sz-8lice: YelocitPmagnikude (¥/s)




3D Curved Duct Flow

We wanted our mod
the terminal pulmon;
would have to be cur




Should the blood vessel walls deform?

Ideally, yes. But we lack the structural mechanics module of Comsol and it was decided
that the structural deformation of such vessels are of secondary interest.

In reality, the pulmonary capillaries are interwoven into the
alveolar capillary bed meshwork (ACM) that forms a
near-continuous sheet of blood.

The implications of this deformation are negligible for the
bulk characteristics that we are focusing on. Any potential
increase in blood pressure that can be accounted for with the
inlet/outlet velocities for the blood.




Closed loop system

When our model simulates oxygen diffusion, how would we treat the system as a bulk?
Our first idea was to incorporate some type of “closed loop” system...

We couldn’t find a way to relate the outlet and
the inlet.

Diffusion of oxygen out of the blood was
difficult to simulate.




Parameters

The simulations up until this point have used a variety of parameters, most have gone
into the making of the following diffusion models, they are summarized below:

Parameter Value Units Reference
4.5 L/min
1 m/s
1 cm
Mixed Venous Content of Oxygen 15 mL/dL (%) [1]
Inlet Oxygen by Mass Flow 1.61E-05 kg/s

The variable we manipulated to get
the target oxygen consumption was

Arterial Content of Oxygen 20 mL/dL (%) [1] solely the Maxwell-Stefan diffusivity
Outlet Oxygen by Mass Flow 2.14E-05 kg/s

TarEAtORYEER INto Systam 5.36E- 6 ke/s matrix for each of the two fluids.

160 mL/min  [1] . : . .
Mass Fraction Oxygen in Alveolar Air 13.16 % (and 111 a Mnor WaY’ 1nlet dlameter)

[1] - Hlastala and Berger Appendix B



Open Loop System

The difficulties presented with the Closed Loop system were solved by simply creating
an open loop, with the inlet blood concentration being another parameter you must
set (rather than the outlet conditions dictating the inlet condition).




Series of Diffusion Simulations

Time=0 s Surface: Mass fraction (1)
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Scale

The simulation on the last slide had an average of 1E-6 kg/s into the system (target:
5E-6).

We manipulate the diffusion coefficients further, but the oxygen will “diffuse” up the
bloodstream. Even with the diffusion coefficients reach such a level, the best we can
get out of the model is only within a factor of 5.

One possible solution is changing the parametric length, from imitating a duct to
something like a deep rectangle. Another solution is that splitting the model into
smaller divisions will give us more (parameterized) surface area to diffuse through.



Coupling the Systems

This model represents the
current state of our project.
Work continues, but challenges

include...

e QOutlets? Periodic
condition?

e Numerical error when
oxygen meets a wall

e Evenly distributing oxygen




Continuing Work...
We hope to smooth and further bifurcate our 2D pulmonary model.

Finish the 2nd bifurcation diffusion model (previous slide) and apply to the 3rd
bifurcation model (ten outlets/“terminal units”).

Apply different breathing, altitude, heart rate conditions to test the robustness of our

model.



Questions?

“To raise new questions, new possibilities, to regard old problems from a new angle,
requires creative imagination and marks real advance in science.”



