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ABSTRACT
In this paper numerical flow predictions within natural

airway geometries are presented. The simulations are enabled
using an Immersed Boundary approach, which is briefly de-
scribed. The focus is set on analysing and discussing the flow
physics in dynamic as well as in static healthy and injured
porcine airways. The results show that the surface deforma-
tion has a significant influence on the flow phenomena. Due
to negligible geometrical changes of the injured airways, only
minor differences of the flow field could be observed, while
comparing the results with the healthy airways.

INTRODUCTION AND OBJECTIVES
Understanding the flow physics in the upper airways is an

important subject e.g. when optimising the situation for arti-
ficially ventilated patients. To achieve that numerical simula-
tions are an essential method to investigate the different phys-
ical effects. To gain reliable results realistic airway geome-
tries and boundary conditions are important. Previously the
flow in a static human lung and a Weibel lung model (Weibel,
1963) have already been studied and used for method valida-
tion (Frederich et al., 2010). Other groups also investigated
the flow phenomena in animal, human or models of the lung
(Nowak et al., 2003; Kabilan et al., 2007 or Kleinstreuer et
al. 2010), but none of these works considered the motion and
deformation of the airways, enforced by the diaphragm. Ex-
periments with Computed Tomography (CT) are a common
way to capture dynamic in-vivo airway geometries. To take
into account the motion of the bronchial tree, a temporal de-
scription of the airways is required, which can be gained by a
sequence of CT scans during a breathing cycle. As the level
of contamination during the repeating CT scans is too high
for humans a pork, with a lung geometry similar to those of
a human, is used for the investigations. The CT experiments
and the segmentation process requires an cooperation with ra-
diologists and experts in medical image processing. The auto-
mated and well established workflow is presented in detail by
Frederich et al. (2009). In the following sections the numeri-
cal methods are presented which enable the flow simulations
in complex and moving geometries.
The investigations are split into two parts: The first one deals
with the airflow in a dynamic bronchial tree. In this case the

dynamics of the bronchial tree (mainly determined by the ver-
tical deformations) is captured by a time resolved CT. In the
second part the flow within static healthy and damaged con-
figurations are compared. The artificial injury (Karmrodt et
al., 2006) is caused by a treatment (calledlavage) with liq-
uid acid. Lavage procedures in medical animal experiments
are a common way to model the injury of an acute respiratory
distress syndrome (ARDS).

WORKFLOW AND DATA ACQUISITION
Computed Tomography and methods of image segmen-

tation (Gergel et al., 2009; Wolber et al., 2008) are utilised
to capture the shape and the motion of the porcine bronchial
trees, representative for human airways. The important pa-
rameters (Reynolds numbers, boundary conditions, etc.) are
predefined by the in vivo medical experiments (Zaporozhan et
al., 2006). A self-developed flow solver on the basis of the
Immersed Boundary (IB-) method is engaged to simulate the
respiratory airflow. Finally the results are analysed by both:
engineers and physicians.

NUMERICAL METHODOLOGY
The following investigations are based on the three-

dimensional, incompressible Navier-Stokes equations (1)and
the law of mass conservation for the incompressible case (2):

∂~u
∂ t

+(~u ·∇)~u+
1
ρ

∇p−ν ∇2~u = 0, (1)

∇ ·~u = 0, (2)

where~u, p, ρ, ν and t are the velocities, pressure, den-
sity, kinematic viscosity and time. The employed flow solver
(Hylla et al., 2010) applies a Finite-Volume discretisation of
second order accuracy in space and time. The flow variables
are calculated successively using the SIMPLE algorithm cou-
pling pressure and velocity fields. A non-body conformal
Cartesian discretisation is used in which the boundary con-
ditions are imposed by the IB method (Mittal and Iaccarino,
2005).
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Immersed Boundary Approach The capabili-
ties of body conformal discretisations are limited, when itis
necessary to represent highly complex and/or moving geome-
tries. The IB method is an approach, which is well suited for
these applications (Tseng and Ferziger, 2003). It utilisestwo
grids (fig. 1): a Cartesian computational gridΩ and a surface
grid Γb representing the boundaries of the fluid regionΩ f .
This allows the flow simulation on an automatically generated

Ω
Γb

Ωb

Ω f

Figure 1. Principle of the IB method: isotropically refined
computational gridΩ = Ωb +Ω f ; immersed surface gridΓb;
non-fluid regionΩb and fluid regionΩ f .

Cartesian grid, whereas the boundary conditions are imposed
at theimmersedsurface mesh. By replacing the surface dur-
ing the simulation it is possible to realise moving geometries.
There are different ways of imposing the boundary conditions
in a IB method. The current implementation is based on so
calledghost-cells. These are cells of the computational do-
main lying outside but adjacent to the boundary. The flow
variables in the ghost-cells are modified in order to fulfil the
boundary condition at the IB surface. To distinguish between
fluid (Ω f ) and non-fluid (Ωb) regions, an identification and
marking preprocess has to be performed whenever the surface
grid changes.
The surface velocityuib can be approximated with a central
difference scheme:

~uib =
d~x
dt

≈
~x(t +∆t)−~x(t −∆t)

2∆t
, (3)

where~x is the vector to the points of the surface grid.

INVESTIGATIONS
In this paper two different investigations are discussed.

The first part covers the simulation of the air flow in naturally
moving porcine airways. The main objectives are to get an in-
sight into the flow physics under normal breathing conditions
and to identify differences to the airflow in static geometries.
In the second part the flow physics between a healthy and an
artificially damaged geometry are examined. The medical ex-
periment (Karmrodt et al., 2006) did not include the dynamics
of the bronchial tree and therefore only static configurations
are considered.

Dynamic Porcine Airways
After presenting the simulation setup and its parameters

in the following section, some selected results are discussed.
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Figure 2. Surface description of the porcine bronchial tree
(left). Maximum vertical deformations of the surface grid over
one breathing cycle, represented by 10 surface configurations
(right).

Simulation Setup and Parameters Fig-
ure 2left displays one of the ten surface configurations which
have been gained over one breathing cycle, representing the
dynamics of the bronchial tree. As this temporal resolutionis
too coarse, additional surface configurations are interpolated
linearly (see fig. 2right). Finally the complete respiratory cy-
cle is defined by 320 configurations or timesteps respectively.
During the animal experiment (Zaporozhan et al., 2006) the
anesthetised pork has been mechanically ventilated with anin-
spiratory to expiratory ratio of 1:2. The segmented data (fig. 2
left) contains the endotracheal tube, used for the ventilation.
This tube is considered in the following investigations. Atthe
upper end of the endotracheal tube the inlet boundary condi-
tion is applied, whereas the 24 trimmed highest level branches
are defined as outlet boundary conditions. A prescribed mass
flux at both types of boundary conditions is present. The ve-
locities~u out

i of the i = 24 outlets are defined hence that:

24

∑
i=1

Aout
i |~u out

i | = Ain |~u in|. (4)

Thus a constant velocity distribution at all outlets is existent.
As the respiratory diagram has not been recorded at the ex-
perimental stage of the work, it has been reconstructed for the
numerical setup: The inspiratory mass flux equals the expi-
ratory: ṁin = ṁex. With almost constant cross sections at the
outlets the mass flux depends on the absolute velocity magni-
tude. To modulate the velocities at the boundary conditions
(changing inlet to outlet and vice versa), a dimensionless am-
plification functionγ(t) can be derived:

γ(t) =

{

γin sin
( 3π t

T

)

for 0 < t < T/3

γex sin
( 3π t

2T + π
2

)

for T/3 < t < T.
(5)
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Applying of the law of mass conservation to the amplification
function:

∫

T/3

0

γin sin

(

3πt
T

)

dt =

∫

T

T/3

γex sin

(

3πt
2T

+
π
2

)

dt (6)

leads to an ratio ofγin/γex = 2. The generic respiratory di-
agram for one breathing cycle is displayed in figure 3. The

t

T

γ(t)

+γex

−γin

insp.

exp.

Figure 3. Generic respiratory diagram with an inspiratory to
expiratory ratio of 1:2.

Reynolds number at the trachea is Red = 2000 according to
the experiments. Preliminary investigations (Frederich et al.,
2010) have shown, that the flow in the airways can be assumed
to be laminar. The computational grid consists of about 2.0
million Cartesian grid cells and the surface mesh covers about
280000 triangle elements.

Results In the following simulations the inversion of
flow direction (inspiration to expiration) and the natural mo-
tion of the bronchial tree is considered. The significant influ-
ence of the dynamics of the bronchial tree is shown in figure 4.
Steady inspiratory flow in a static and a dynamic bronchial
tree are compared: The high velocity values are shifted to the
rear centre of the trachea and the recirculation regionr1 de-
creases. In the left daughter branch the recirculationr2 totally
vanishes whereas the velocity profile in the right branch is
shifted to the left. Values of the helicity (H =~u · (∇×~u)) can
be used to indicate rotational secondary flow motion, whereby
the sign defines the direction of the rotation. As shown in
figure 5 the rotatory influence during inspiration is more im-
portant than during the expiration phase. Depending on the
flow direction the bifurcations divide or join the mass fluxes,
which is the reason for the different helicity intensities.These
counter rotating vortex pairs have also been observed in hu-
man airways (Frederich et al., 2010).
Figure 6 depicts the temporal development of velocity com-

ponents for selected positions. An interpolation of their co-
ordinates in each timestep is necessary due to the motion of
the surrounding geometry. As the flow directions in the points
usually do not coincide with the coordinate axis (x, y, z) arbi-
trary contributions ofu, v andw appear. At positions close to

r2

r1

Figure 4. Velocity profiles (colour coded with absolute ve-
locity magnitude) at steady inspiration in the static (left) and
a dynamic geometry (right).

Figure 5. Positiveand negativehelicity iso surfaces indi-
cating counter rotating secondary flow motion during maxi-
mum inspiratory (upper row) and maximum expiratory phase
(lower row).

the in- or outlets, e.g.➀ or ➈, the monitored signal is similar
to generic respiratory diagram applied at the boundary condi-
tions. At other positions within the geometry the temporal his-
tory clearly differs from the respiratory diagram. The sudden
changes and local peaks indicate the existence of secondary
flow motion.

Comparison of Healthy and Damaged Airways
Sinclair et al. (2007) reported on a dramatic increase of

the dead space (the volume of the airways which does not con-
tribute to the gas exchange) in animal models during mechan-
ical ventilation. To investigate the influence of an increased
dead space and an enlarged bronchial tree, simulations within
healthy and injured are performed and compared. In the ex-
periment of Sinclair et al. rats have been ventilated with dif-
ferent tidal volumes under a positive end-expiratory pressure
(PEEP). The data used in the current work originates from an
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Figure 6. Velocity components over one breathing cycle for 9different points within the dynamic geometry.

experiment with porcine airways treated by a lavage proce-
dure (Karmrodt et al., 2006). Unfortunately the effect of geo-
metrical change was much smaller than expected (see fig. 7).

Simulation Setup and Parameters The two
surface grids (about 274000 triangle elements) are shown in
figure 7. Optimal conditions for the comparison are obtained
by exactly putting the two geometries in the same position.
Furthermore they are trimmed at identical positions. The trim-
ming is necessary to remove regions of false segmentation or
unrealistic shape and to gain well defined surfaces to apply
the in- and outlet boundary conditions. To determine the cut-
ting positions, points on the skeleton lines of the geometries
are chosen manually (see fig. 8). The measured volumetric
difference from healthy to damaged configuration is approx-
imately dV = 5%. Despite the very small variances between
the two cases, the inspiratory and expiratory flow have been
simulated. The corresponding computational grid consistsof
about 2.2 million Cartesian cells. The Reynolds number is
Red = 2000 with respect to the diameter of the trachea and the
mean inlet velocity. No endotracheal tube is present in these
cases and the trimmed trachea is predefined with an uniform
inlet profile. Although this is not an realistic inlet condition it
is sufficient for the comparison. The faces of the 25 trimmed
branches are defined as outlet boundary conditions. Again a
laminar flow regime is considered.

Results For these two configurations the total area
of all outlet branches is smaller than the inlet area. Due to
mass conservation, the fluid accelerates behind the first bifur-
cations. As expected, the flow physics for the healthy and
injured airways are almost identical. Figure 9 shows littledif-

healthy damaged

Figure 7. Comparing healthy and damaged airway geome-
tries: minor differences highlighted with red marks. The light
colour shows branches which are removed by the trimming
process.

ferences of the velocity distributions for some selected slices.
At some branches in the healthy geometry higher velocities
appear, which are caused by smaller cross sections. For a
more precise comparison, the pressure coefficientcp along
two streamtraces through the left and right main branch are
displayed in figure 10. Except the small peak in the left branch
of the damaged geometry(z ≈ 0.2), the pressure develop-
ments coincide with each other. The difference is caused by
a local constriction in the injured branch. The analysis also
reveals that the pressure drop before the first bifurcation can
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inspiration

healthy damaged

expiration

healthy damaged

Figure 9. Velocity profiles for the healthy and damaged airway geometry at inspiratory (left) and expiratory flow (right). Differ-
ences highlighted with red marks.

skeleton line

trimming position

Figure 8. Determining the trimming position, using the
skeleton line, generated during the segmentation process.

be neglected as it rises with decreasing cross sections.
The situation at steady expiration is quite similar to the inspi-
ratory flow. Although the flow direction is inverted, no signif-
icant differences between the healthy and damaged bronchial
trees can be discovered (compare fig. 9right).

CONCLUSIONS AND OUTLOOK
A numerical approach based on the Immersed Boundary

method is presented, which has been successfully applied to
the respiratory airflow in porcine airways. The investigations
of the flow in moving airway geometries revealed the impor-
tant influence of the dynamics of the bronchial tree. Local
changes of the velocity field can be observed at several points
within the bronchial tree. They show a development different
from the prescribed respiratory diagram at the in- and out-
let boundary conditions, an evidence for the presence of sec-
ondary flow motion. The comparison between the flow in a
healthy and injured bronchial tree of a pork is unsatisfactory,
as the two geometries are almost identical with a very slight

Figure 10. Pressure coefficient along streamtraces through
the left and right main bronchi.

increase of the dead space. Therefore no changes of the flow
physics have been found, which could have been expected.
The increase of the dead space seems to be much more dis-
tinct at smaller animals than at larger ones. To gain surfacege-
ometries with this characteristic our cooperation partnerwill
perform animal experiments at mechanically ventilated rats.
In the near future the results of the numerical studies will be
interpreted by medical experts to optimise the process of arti-
ficial respiration. Currently the numerical method is enhanced
by the implementation of adaptive grids allowing a local so-
lution based refinement or coarsening of the grid. This will
improve the spatial resolution where it is necessary and con-
currently reduce the computational coasts for further investi-
gations.
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